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SUMMARY 


It  has  been  suggested  that  the  coda  of  short  period  P  seismograms 
including  the  precursors  to  PP  can  be  explained  as  waves  scattered  in  the  crust 
and  uppermost  mantle.  Such  scattering  regions  must  be  widespread  if  they  are  to 
contribute  arrivals  to  the  seismogram  over  an  interval  of  several  minutes.  Also, 
if  the  amplitudes  of  the  scattered  waves  are  to  be  large  relative  to  P  and  PP,  as 
they  appear  to  be  on  some  seismograms,  then  this  suggests  that  scattering  is 
strong.  If  this  is  true,  it  is  then  difficult  to  see  how  both  simple  and  complex 
records  could  be  recorded  over  almost  the  same  ray  path,  yet  observations  show 
that  this  Is  possible. 


In  this  report  we  review  the  work  that  has  been  done  on  the 
complexity  of  the  P  coda.  The  most  difficult  complex  seismograms  to  explain 
turn  out  to  be  those  from  deep  earthquakes  with  simple  source  functions  and 
explosions  in  which  the  coda  is  made  up  of  arrivals  with  high  apparent  surface 
speeds.  Such  seismograms  seem  to  be  best  explained  on  the  weak  signal 
hypothesis;  the  seismograms  look  complex  not  because  the  arrivals  in  the  coda 
are  large  but  because,  for  the  magnitude  of  the  source,  the  first  arrival  is  small. 
In  order  to  explain  complex  explosion  seismograms  Douglas  et  al.  (1,2)  suggest 
that  direct  P  has  been  attenuated  by  passing  through  a  region  of  low  Q  which  has 
been  missed  by  the  arrivals  in  the  coda.  In  order  to  explain  complex  seismograms 
from  some  deep  earthquakes,  Barley  (3)  suggests  that  these  are  recorded  when 
the  direct  P  path  at  the  source  lies  close  to  a  node;  P  is  then  small  for  the 
magnitude  of  the  source  and  the  later  (scattered)  arrivals  appear  to  be  large  by 
comparison. 


1  x 
Simpsoi 


umpson  and  Cleary  (4),  however,  assert  that  the  weak  signal 
hypothesis,  at  least  as  applied  by  Douglas  et  al.  (1,2),  has  weaknesses  and  that 
strong  scattering  is  the  explanation  of  most  complex  explosion  records.  The 
weak  signal  hypothesis  and  the  strong  scattering  hypothesis  of  complexity  are 
therefore  compared  here  and  it  is  shown  that,  although  scattering  may  well  be 
responsible  for  the  arrivals  in  the  coda,  the  evidence  is  that  complex  records  are 
recorded  when  the  P  amplitude  is  relatively  small  rather  than  the  coda  relatively 
large,  and  that  for  explosion  seismograms  low  Q  is  the  most  likely  mechanism 
reducing  P. 
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The  data  on  precursors  to  PP  are  also  discussed  and  it  is  shown  that 
the  precursors  which  are  most  easily  seen  in  the  P  core  shadow  ( A  ®  100  to  115  ) 
may  also  be  explained  by  the  weak  signal  hypothesis;  the  precursors  are 
prominent  simply  because  of  the  suppression  of  P  (by  the  presence  of  the  core) 
and  PP  (by  anelastic  attenuation). 

Provided  that  local  scattering  is  small  or  absent,  scattering  probably 
makes  a  significant  contribution  to  the  complexity  of  P  seismograms  only  when 
the  standard  phases  (P,  PP,  etc)  have  low  amplitude  relative  to  that  expected 
from  the  magnitude  of  the  source. 


1.  INTRODUCTION 

Short  period  P  seismograms  often  show  many  more  arrivals  than  the 
standard  phases  listed  in  travel  time-tables  and  several  attempts  have  been  made 
to  explain  this  complexity  (see,  for  example,  references  (2),  (4),  (5)  and  (6)). 
Much  of  the  early  work  concentrated  on  the  analysis  of  the  first  half  minute  or 
so  of  the  P  seismogram  (see,  for  example,  references  (5)  and  (6))  but  in  recent 
years  the  study  of  complexity  has  been  extended  to  include  later  arrivals  and 
much  effort  has  been  devoted  to  interpreting  the  so-called  precursors  to  PP  as 
observed  at  epicentral  distances  of  around  90°  to  115°  (see,  for  example, 
references  (7),  (8),  (9)  and  (10)). 

Certainly  the  origin  of  complexity  in  some  earthquake  seismograms  is 
prolonged  radiation  by  the  source.  Studies  of  large  earthquakes,  for  instance, 
have  shown  that  faulting  at  the  focus  can  last  for  tens  of  seconds  (11).  There  is 
also  evidence,  particularly  from  studies  of  the  surface  waves  generated,  that 
underground  explosions,  though  essentially  simple  sources  that  radiate  most  of 
their  energy  in  a  second  or  less,  can  trigger  strain  release  in  the  surrounding 
rocks  (see,  for  example,  reference  (12));  presumably  this  increases  the 
complexity  of  the  P  seismogram.  However,  no  clear  demonstration  of 
complexity  originating  in  this  way  has  yet  been  published. 


Another  cause  of  complexity  is  reverberation  in  the  layering  near  the 
source  and  receiver  with,  particularly  for  earthquakes,  conversion  of  S  to  P  (5). 
Douglas  et  al.  (13)  have  Shown  by  computational  studies  that  reverberations  in 
parallel-layered  models  might  account  for  some  complexity.  Reverberation, 
however,  cannot  explain  all  complex  seismograms  and  there  seems  to  be  growing 
agreement  that  many  arrivals  in  short  period  P  seismograms  are  the  result  of 
scattering.  Thus,  Key  (14)  has  shown  that  scattering  by  heterogeneous  near¬ 
surface  geology  and  rough  topography  in  the  vicinity  of  the  recording  station  can 
make  significant  contributions  to  the  complexity  of  seismograms.  Greenfield 
(15)  has  proposed  similar  scattering  in  the  vicinity  of  the  epicentre  as  an 
explanation  for  the  complexity  of  some  explosion  seismograms.  Douglas  et  al . 
(2)  suggest  that  the  most  important  arrivals  in  the  P  coda  may  be  those  that  are 
generated  by  "lateral  changes  in  the  structure  of  the  crust  and  upper  mantle"  and 
so  are  scattered  arrivals,  and  Davies  and  Julian  (16)  suggest  that  scattering  by 
structure  in  subduction  zones  may  produce  the  observed  coda  arrivals.  Cleary  et 
al.  (9)  argue  that  most  of  the  coda  can  be  attributed  to  scattering  by  small 
random  inhomogeneities  in  the  crust  and  uppermost  mantle. 

Studies  of  the  lithosphere  beneath  the  NORSAR  array  indicate 
variations  of  up  to  20%  (with  a  lower  limit  of  3%)  in  the  wave  speeds  in  the 
structure  down  to  120  km  (17);  such  regions  are  effective  scatterers.  There  is 
also  evidence  for  scattering  by  a  layer  of  lateral  heterogeneity  in  the  lower 
mantle  (18,19).  Estimates  of  the  thickness  of  this  layer  vary  from  200  km  (20)  to 
600  km  (21)  and  it  may  be  that  roughness  on  the  core-mantle  boundary  also 
contributes  to  the  scattered  signals  (22).  The  evidence  for  the  scattering  layer 
comes  not  from  a  study  of  the  P  coda  but  from  the  precursors  to  PKIKP. 
However,  we  may  expect  that  if  P  passes  close  to  the  core-mantle  boundary 
there  will  be  evidence  in  the  P  seismogram  of  scattering  from  this  layer. 

There  is  thus  considerable  evidence  of  scattering  regions  in  the  Earth. 
However,  if  scattering  does  contribute  significantly  to  P  signal  complexity,  it 
seems  unlikely  that  this  is  the  whole  story.  For  to  produce  scattered  arrivals 
with  amplitude  comparable  to  that  of  the  standard  phases  P  and  PP  would  seem 
to  imply  strong  scattering  (as  proposed  by  King,  Haddon  and  Husebye  (10))  and  if 
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scattered  waves  contribute  to  the  seismograms  over  several  minutes,  these 
scattering  regions  must  be  widespread.  However,  if  there  are  widespread  regions 
of  strong  scatterers  at  shallow  depths  in  the  Earth,  then  this  makes  it  difficult  to 
explain  how  simple  seismograms  can  be  recorded  and  particularly  how  both 
simple  and  complex  seismograms  can  be  recorded  over  the  same  source-station 
paths,  but  such  seismograms  are  observed.  This  illustrates  the  main  difficulty  in 
devising  a  satisfactory  explanation  of  complexity  -  how  to  account  for  the 
apparently  large  amplitudes  observed  in  the  coda  of  some  P  signals  without 
postulating  such  a  marked  variation  in  the  elastic  properties  of  the  earth  that  the 
effect  of  these  variations  should  be  seen  on  all  seismograms  recorded  over  a 
given  path  and  on  all  paths  so  that  no  simple  signals  should  be  seen. 

One  way  of  avoiding  this  difficulty  is  to  assume  that  most  of  the  coda 
arrivals  are  generated  by  weak  scattering  and  that  this  type  of  arrival  is  almost 
always  present.  Consider  now  an  explosion  signal;  the  first  arrival  will  normally 
have  a  much  larger  amplitude  than  the  scattered  arrivals  and  the  seismogram 
will  be  simple.  If,  however,  some  mechanism  reduces  the  first  arrival  but  does 
not  affect  the  amplitude  of  the  scattered  arrivals,  then  the  seismogram  will 
appear  complex.  Complex  earthquake  seismograms  could  be  generated  in  a 
similar  way.  We  will  refer  to  this  way  of  accounting  for  the  apparently  large 
amplitude  of  scattered  arrivals  relative  to  the  standard  phases  as  the  weak 
signal  hypothesis.  This  hypothesis  appears  to  have  been  first  used  to  explain 
complexity  by  Douglas  (23)  who  suggests  that  complex  earthquake  signals  are 
those  for  which  the  direct  P  leaves  the  source  close  to  a  node  in  the  radiation 
pattern  and  the  later  arrivals,  principally  the  reverberations  in  the  crust  above 
the  source,  produce  the  coda.  For  simple  signals  direct  P  is  large  because  it 
leaves  the  source  near  an  antinode  in  the  radiation  pattern  and  the  later  arrivals 
are  relatively  small.  (Douglas  (23)  discusses  mainly  the  interaction  of  the  source 
radiation  pattern  and  the  layering  at  the  source,  although  he  points  out  that 
scattering  may  also  contribute  to  complexity.)  Douglas  et  al.  (1,2)  have  applied 
the  weak  signal  hypothesis  to  explosion  seismograms  and  show  evidence  that 
complex  seismograms  are  recorded  when  the  direct  P  wave  is  attenuated  by  a 
low  Q  zone  that  is  avoided  by  many  of  the  later  arrivals. 


6 


Simpson  and  Cleary  (V)  argue  that  the  weak  signal  hypothesis,  at  least 
as  applied  by  Douglas  et  al.  (1,2),  does  not  give  a  satisfactory  explanation  of 
complex  explosion  seismograms  and  that  complexity  depends  simply  on  the 
degree  of  heterogeneity  of  the  scattering  regions  in  the  crust  and  upper  mantle 
between  the  source  and  receiver;  the  more  intense  the  scattering,  the  greater 
the  complexity.  The  purpose  of  this  report  is  to  try  and  assess  the  contributions 
of  scattering  to  P  seismograms  and  particularly  to  use  what  information  is 
available  to  try  and  decide  whether  we  are  dealing  with  weak  or  strong 
scattering.  Most  of  the  earlier  investigators  of  the  P  coda  and  of  precursors  to 
PP  have  tended  to  base  their  estimates  of  coda  amplitudes  on  a  comparison  with 
the  amplitude  of  P  and  PP.  We  wish  to  show  that  this  has  probably  led  to 
erroneous  conclusions  about  the  structure  of  the  Earth.  No  doubt  different 
scattering  mechanisms  predominate  on  different  occasions  to  produce  the  P 
coda.  We  hope  to  get  as  much  information  as  we  can  on  these  mechanisms  by  a 
detailed  study  of  the  observations  before  trying  to  fit  a  model. 

In  order  to  help  separate  the  effects  of  scattering  from  those  of 
simple  reverberation  in  plane  parallel-layered  models  we  make  comparisons 
between  observed  seismograms  and  model  seismograms  computed  using  simple 
Earth  and  source  models.  Further,  as  scattering  and  damping  are  frequency 
dependent,  these  effects  can  only  be  investigated  satisfactorily  if  information  is 
available  on  the  variation  in  amplitude  with  frequency  over  as  wide  a  band  as 
possible.  We  thus  make  use  where  possible  of  broad  band  seismograms  which 
display  ground  displacement  over  a  wider  range  of  frequencies  than  the 
conventional  SP  seismogram. 

We  are  not  concerned  here  with  complexity  due  to  prolonged 
radiation  at  the  source  and  so  we  restrict  ourselves  to  the  analysis  of  data  from 
simple  sources.  If  a  short  simple  P  signal  is  recorded  teleseismically  at  one 
station,  we  regard  this  as  evidence  that  the  source  itself  is  simple.  If  complex 
signals  are  recorded  elsewhere  from  the  same  source,  we  assume  that  the 
complexity  is  not  attributable  to  the  source  alone.  A  complex  record  on  its  own 
without  any  indication  of  the  duration  of  the  motion  at  the  source  cannot  be  used 
to  make  deductions  about  the  origins  of  complexity. 


For  convenience  we  refer  to  the  minute  or  so  of  the  seismogram  after 
the  first  arrival  as  the  P  coda,  to  distinguish  this  part  of  the  seismogram  from 
the  precursors  to  PP.  We  begin  by  looking  at  complexity  in  the  P  coda  and  then 
go  on  to  consider  the  origin  of  the  precursors  to  PP. 

2.  THE  COMPLEXITY  OF  THE  P  CODA 


One  type  of  scattered  wave  that  has  clearly  been  shown  to  contribute 
to  the  complexity  of  seismograms  is  that  generated  in  the  vicinity  of  the 
recording  station  by  irregularities  of  the  Earth's  surface  and  the  heterogeneity  of 
the  surface  geology.  Key  (14)  has  demonstrated  that  Rayleigh  waves  which  have 
been  converted  from  the  main  P  signal  by  rough  topography  can  make  significant 
contributions  to  the  complexity  of  seismograms  as  recorded  by  a  single 
seismograph.  These  scattered  arrivals  have  apparent  surface  speeds  that  are 
much  less  than  those  of  the  incident  P  and  so,  when  the  outputs  of  an  array  are 
phased  and  summed  to  enhance  direct  P,  the  low  speed  scattered  waves  are 
suppressed.  When  the  effect  of  local  scattering  is  reduced  in  this  way  many  P 
wave  codas  still  show  complexity  and  these  arrivals,  as  they  are  not  attenuated 
by  array  processing,  must  have  apparent  wave  speeds  close  to  those  of  P.  It  is 
complexity  due  to  arrivals  with  high  apparent  wave  speeds  that  have  proved  most 
difficult  to  explain. 

Studies  of  P  seismograms  on  which  the  effects  of  local  scattering 
have  been  suppressed,  or  are  negligible,  have  demonstrated  that  explosion  signals 
are  usually  simple  when  observed  at  several  stations  covering  a  wide  range  of 
azimuth  and  distance,  whereas  the  earthquake  seismograms  may  range  from  very 
simple  to  very  complex;  this  contrast  between  explosion  signals  and  earthquake 
signals  has  been  observed  even  when  the  earthquake  and  explosion  epicentres  are 
close  together,  as  can  be  seen,  for  example,  by  comparing  the  seismograms  of 
the  LONGSHOT  explosion  recorded  at  four  array  stations  shown  in  figure  11  of 
reference  (13),  with  the  seismogram  from  a  nearby  earthquake  recorded  at  the 
same  stations  shown  in  figure  7  of  reference  (2).  Such  observations  can  be 
explained  in  part  using  simple  stratified  models  of  the  Earth  and  pulse-like 
earthquake  and  explosion  sources.  Marked  variations  in  complexity  with  azimuth 
(and  distance)  shown  by  earthquake  seismograms  can  be  simulated  in  this  way 
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(see,  for  example,  reference  (24)).  In  these  model  studies  of  the  earthquake 
source  the  complexity  arises  mainly  from  the  reverberations  in  the  source 
layering  of  the  P  and  S  waves  radiated  upwards  from  the  source;  simple 
seismograms  are  recorded  at  those  stations  for  which  the  direct  P  amplitude 
radiated  towards  the  station  is  much  larger  than  the  amplitude  radiated  along  pP 
or  sP  paths. 


Most  of  the  characteristics  of  simple  explosion  signals  can  also  be 
simulated;  examples  of  this  are  shown  in  figure  7.  However,  all  explosion 
seismograms  modelled  in  this  way  are  simple  because  the  explosion  source  used 
generates  no  S  waves  and,  being  very  shallow,  the  P  to  pP  time  is  short;  the  main 
reverberations  are  generated  by  shallow  boundaries  so  they  follow  close  on  P. 

These  model  studies  demonstrate  that  the  main  features  of  some 
observed  P  codas  can  be  reproduced  using  simple  parallel-layered  models  of  the 
Earth,  but  that  not  all  complex  records  can  be  explained  in  this  way.  For 
example,  the  complex  explosion  seismograms  that  are  recorded  over  certain 
paths  are  not  explained,  nor  are  the  complex  codas  shown  by  some  deep 
earthquakes;  the  foci  of  the  deep  earthquakes  are  well  away  from  the  main 
discontinuities  in  the  crust  so  that  the  effects  of  reverberations  in  the  crustal 
layers  should  not  be  seen  until  many  seconds  after  onset. 

Greenfield  (15)  has  suggested  that  the  complexity  of  explosion  signals 
is  due  to  scattering,  principally  by  rough  topography  in  the  vicinity  of  the  source, 
of  short  period  Rayleigh  waves  into  P  waves.  The  slowly  propagating  Rayleigh 
waves  thus  retain  some  energy  close  to  the  source  for  several  tens  of  seconds  and 
this  energy  is  gradually  converted  to  P  waves  and  radiated  to  teleseismic 
distances.  It  seems  inescapable  that  this  type  of  scattering  will  make  a 
significant  contribution  to  the  complexity  of  some  seismograms,  just  as  it  does  in 
the  reciprocal  case  of  scattering  in  the  vicinity  of  the  receiver. 

In  a  study  of  complex  explosion  signals  Douglas  et  al.  (1,2)  conclude 
that,  in  general,  complexity  is  best  explained  on  the  weak  signal  hypothesis.  It  is 
suggested  that  P  has  been  reduced  by  attenuation  on  passing  through  a  low  Q 
region  which  is  missed  by  the  arrivals  in  the  coda.  On  this  explanation  of 
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complexity  the  magnitude  of  the  explosion  source  computed  from  complex 
records  should  be  less  than  that  computed  from  a  simple  record  of  the  same 
explosion,  the  first  arrivals  of  the  complex  records  should  show  a  lower 
proportion  of  high  frequency  energy  than  those  of  a  simple  record,  and  the  coda 
of  complex  records  should  contain  a  higher  proportion  of  high  frequency  energy 
than  the  first  arrival.  Douglas  et  al.  (1,2)  show  explosion  seismograms  that  have 
these  properties. 

A  similar  mechanism  to  that  of  Douglas  et  al.  (1,2)  is  proposed  by 
Davies  and  Julian  (16)  who  suggest  that  complex  seismograms  are  recorded  when 
P  is  reduced  by  defocussing  and  so  the  other  arrivals  that  are  not  similarly 
reduced  may  appear  to  be  large  relative  to  P.  Davies  and  Julian  (16)  have 
attempted  to  explain  in  this  way  the  variation  in  complexity  of  the  seismograms 
recorded  from  the  LONGSHOT  explosion  as  discussed  later.  This  mechanism  may 
also  explain  the  variation  in  the  complexity  of  P  signals  across  the  NORSAR 
array.  Frazier  (25)  shows  that  for  the  same  explosion  some  NORSAR  sub-arrays 
record  simple  seismograms  whereas  others  record  very  complex  seismograms  and 
that  for  the  sub-arrays  that  record  the  simple  signals  the  first  arrival  is  almost 
an  order  of  magnitude  larger  than  at  the  sub-arrays  that  record  complex  signals. 
However,  the  codas  of  the  simple  and  complex  seismograms  are  of  about  equal 
amplitude;  only  the  amplitude  of  the  first  arrival  differs  between  the  two  types 
of  seismogram.  The  variation  in  complexity  at  the  NORSAR  could  thus 
apparently  be  explained  by  assuming  that  the  structure  in  the  upper  mantle 
beneath  the  NORSAR  produces  a  partial  shadow  zone  at  the  free  surface  (Haddon 
and  Husebye  (26)  have  recently  determined  possible  structures  that  will  account 
for  such  a  shadow  zone)  and  that  the  coda  is  generated  by  scattering  into  the 
shadow  zone  by  scatterers  both  in  the  crust  and  upper  mantle  and  at  the  free 
surface.  So  it  is  the  weakness  of  the  first  arrival  as  seen  on  the  complex  records 
rather  than  the  amplitude  of  the  scattered  waves  that  accounts  for  the 
complexity.  In  a  later  section  it  is  shown  that  scattering  into  the  shadow  cast  by 
the  Earth's  core  may  explain  the  precursors  to  PP. 

Barley  (3)  uses  the  weak  signal  hypothesis  to  explain  the  complexity 
of  some  deep  earthquake  seismograms.  Deep  earthquakes  are  usually  observed  to 
have  simple  P  coda  but  Barley  (3)  shows  examples  of  both  complex  and  simple  P 
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codas  from  such  earthquakes  (depth  range  279  to  503  km)  as  recorded  at  the 
Warramunga  array  (WRA),  Australia  over  virtually  constant  source-receiver 
paths.  The  complex  seismograms  cannot  be  due  to  prolonged  radiation  by  the 
source  as  simple  seismograms  of  the  same  earthquakes  are  recorded  at  other 
stations.  Barley  (3)  presents  evidence  that  the  complex  records  are  those  for 
which  direct  P  leaves  the  source  close  to  a  node  in  the  radiation  pattern  and 
simple  records  those  for  which  P  leaves  close  to  an  antinode.  The  coda  is 
attributed  to  scattering,  in  particular  S  to  P  scattering  at  depths  of  around 
650  km.  Because  simple  and  complex  signals  are  recorded  over  almost  the  same 
paths,  there  is  clearly  more  to  explaining  the  complexity  of  these  deep 
earthquakes  than  simply  attributing  the  coda  to  scattering;  the  amplitude  of  P 
relative  to  the  source  magnitude  appears  to  be  the  main  factor  controlling 
complexity. 


Although  the  weak  signal  hypothesis  appears  to  explain  some  features 
of  complex  seismograms,  Simpson  and  Cleary  (4)  argue  that  the  hypothesis  has 
weaknesses  and  that  a  more  consistent  interpretation  of  most  complex 
seismograms  is  provided  by  the  scattering  hypothesis  of  Cleary,  King  and  Haddon 
(9)  where  complexity  is  attributed  to  strong  scattering  at  shallow  depths.  The 
model  proposed  by  Cleary  et  al.  (9)  is  shown  in  figure  1;  as  well  as  the  P  wave 
that  takes  the  least  time  path  from  source  to  receiver,  waves  travelling  to 
shorter  distances  such  as  D  are  scattered  in  the  crust  and  uppermost  mantle  and 
some  of  the  scattered  waves  then  follow  a  least  time  path  to  the  receiver  at  R. 
Reciprocal  paths  with  the  source  and  receiver  interchanged  are  also  possible. 
The  amplitude  of  the  scattered  waves  is  assumed  to  depend  mainly  on  the 
amplitude  of  the  direct  wave  arriving  at  D  which,  in  turn,  depends  on  the  decay 
of  P  waves  with  epicentral  distance,  so  the  variation  in  amplitude  with  time 
along  the  P  seismogram  should  follow  roughly  the  form  of  this  amplitude- 
distance  curve.  As  there  is  some  evidence  for  a  minimum  in  the  amplitude- 
distance  curve  at  around  10°  and  a  maximum  at  around  20°,  Cleary  et  al.  (9) 
argue  that  the  P  wave  seismogram  should  show  a  corresponding  minimum  and 
maximum  at  the  arrival  times  of  the  P  waves  scattered  from  these  distances. 
The  effect  will  be  blurred  somewhat  by  side-scattering,  but  it  is  assumed  that 
the  scatterers  are  large  compared  with  a  wavelength  and  so  scattering  will  be 
very  directional.  It  must  also  be  assumed  that  the  density  of  scatterers  is  fairly 
uniform  over  the  relevant  sections  of  the  crust. 
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We  now  look  at  the  objections  raised  by  Simpson  and  Cleary  (4)  to  the 
weak  signal  hypothesis  as  applied  by  Douglas  et  al.  (1,2)  to  explain  complex 
explosion  seismograms  and  try  and  assess  how  valid  these  objections  are.  We 
then  go  on  to  look  at  the  data  presented  by  Cleary  et  aL  (9)  in  support  of  their 
hypothesis  that  strong  scattering  can  account  for  the  complexity  of  the  P  coda. 

2.1  An  explosion  near  Bukhara,  USSR 

Douglas  et  al.  (1,2)  attempt  to  explain  the  high  frequency  arrival 
following  4  s  after  P  recorded  at  Gauribidanur  (GBA),  India  ( A  =  27.4°)  from  an 
explosion  near  Bukhara,  USSR;  this  high  frequency  arrival  (referred  to  as  P^j  by 
Douglas  et  al.  (1,2))  has  amplitude  greater  than  P.  The  proposed  explanation  is 
that  P  has  been  attenuated  by  passing  through  a  region  of  low  Q,  whereas  PH1 
has  travelled  by  a  path  that  avoids  the  low  Q  and  thus  has  larger  amplitude  and 
more  high  frequency  energy  than  P.  Possible  paths  for  PH1  suggested  by  Douglas 
et  al.  (1,2)  are  a  PdP  path  and  a  diffracted  path.  Simpson  and  Cleary  (4), 
however,  have  pointed  out  that  recent  determinations  of  upper  mantle  structure 
make  it  possible  that  P^^  is  generated  by  a  rapid  increase  in  P  wave  speed  at  a 
depth  of  about  650  km.  Because  the  arrival  PH1  may  have  been  mis-identified 
Simpson  and  Cleary  (4)  argue  that  somehow  this  weakens  the  arguments  of 
Douglas  et  al.  (1,2).  However,  the  real  question  is  whether  Pj_jj  is  a  weak  or  a 
strong  signal.  The  seismograms  of  Johnson  (27)  and  Simpson  (see  reference  (28)) 
that  provide  some  of  the  evidence  for  the  rapid  increase  in  wave  speed  at  650  km 
show  no  evidence  of  an  arrival  like  PH1  (both  Johnson  (27)  and  Mereu  et  al.  (28) 
show  seismograms  recorded  at  epicentral  distances  of  27.5°  only  0.1°  different 
from  the  Bukhara-GBA  distance)  although  King  and  Calcagnile  (29)  have  recently 
published  evidence  of  such  an  arrival  on  paths  from  USSR  to  Norway.  An 
explanation  of  why  P^j  is  seen  in  some  areas  but  not  in  others  is  still  required 
and  the  effects  of  variations  in  the  Q  structure  on  P  would  seem  to  provide  such 
an  explanation.  It  has  been  objected  that  heterogeneity  of  this  sort  is  too 
complicated  a  hypothesis  to  introduce  without  other  evidence,  but  Mereu  et  al. 
(28)  have  used  just  this  idea  to  account  for  the  absence  of  arrivals  of  the  PH1 
type  in  the  data  of  Simpson  and  it  seems  difficult  to  account  for  the  data  in  any 
other  way. 
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Further  evidence  for  the  low-Q  mechanism  is  provided  by  the  lower 
frequency  of  P  compared  to  PH1  as  seen  on  the  GBA  seismograms  of  the  Bukhara 
explosion.  Simpson  and  Cleary  (4)  attempt  to  explain  this  as  an  effect  of 
boundary  thickness  and  refer  to  Nakamura  and  Howell  (30)  and  Nakamura  (31). 
These  papers  are  concerned  with  the  variation  with  frequency  of  the  amplitude 
of  a  head  wave  diffracted  from  a  possible  transition  layer  at  the  base  of  the 
crust.  The  amplitudes  decrease  sharply  as  the  frequency  increases  above  fQ, 
where  (fQH/Aa)  =  1.7,  H  is  the  thickness  of  the  layer  and  Aa  is  the  change  in  P 
wave  speed  across  the  layer. 

In  the  proposed  structure  at  650  km,  the  "sharp"  increase  in  P  wave 

speed  gives  a  iaof  about  1  km/s  and  an  H  of  about  50  km.  Thus, 
.2 

f  *  3.4  x  10  Hz.  The  actual  frequency  of  the  P  waves  is  two  orders  of 
magnitude  greater  than  this  and  so,  as  would  be  expected,  the  head  wave  will  not 
be  observable.  It  appears  that  the  path  followed  by  P  is  the  optical  ray  path  and 
no  frequency  variations  will  arise  unless  damping  of  some  sort  is  present. 

2.2  The  LONGSHOT  explosion 

Simpson  and  Cleary  (4)  state  that  one  of  the  features  shown  by  the 
seismograms  from  the  LONGSHOT  explosion  recorded  in  North  America  is  a 
general  decrease  in  complexity  with  epicentral  distance  and  that,  as  the  average 
Q  of  the  upper  mantle  under  North  America  roughly  increases  with  epicentral 
distance,  the  apparent  correlation  of  complexity  with  Q  noted  by  Douglas  et  al. 
(2)  is  coincidental.  This  can  be  checked  by  looking  at  the  variation  in  complexity 
at  a  fixed  distance.  Take,  for  example,  the  narrow  distance  range  34  to  37.4° 
from  the  LONGSHOT  epicentre;  this  range  contains  the  Canadian  stations 
Prince  George,  British  Columbia  (PG-BC),  3asper,  Alberta  (JP-AT),  North  Pole, 
North-West  Territories  (NP-NT)  and  Yellowknife  (YKA).  The  first  two  stations 
have  magnitude  (m^)  4.75  and  5.38  respectively  (the  LONGSHOT  average  is  5.8), 
lie  above  a  region  of  low  Q,  and  have  seismograms  which  are  very  complex  (see 
figure  2  for  PG-BC,  and  Key  (14)  for  JP-AT);  the  last  two  have  magnitude  6.13 
and  6.04  respectively,  are  relatively  simple  (see  Key  (14)  for  YKA  and  Simpson 
and  Cleary  (4)  for  NP-NT),  and  lie,  according  to  the  weak  signal  hypothesis, 
above  a  region  of  high  Q.  It  is  clear  then,  that  the  correlation  of  complexity 
with  Q  cannot  be  attributed  to  a  distance-related  effect. 


On  the  weak  signal  hypothesis  as  applied  by  Douglas  et  al.  (1,2),  the 
complexity  of  the  LONGSHOT  records  is  explained  by  the  reduction  of  the 
amplitude  of  P  by  a  low  Q  region  below  the  receiver  and  the  relative 
enhancement  of  the  coda  which  travels  by  a  separate  path  avoiding  the  low  Q 
region.  This  leads  to  low  m^,  relatively  low  frequency  in  the  main  P  signal,  and 
high  complexity  associated  together  at  a  low  Q  site.  On  the  other  hand,  high  m^, 
high  frequency  P  and  low  complexity  will  be  associated  together  at  a  high  Q  site. 
These  correlations  are  shown  by  Douglas  et  al.  (2).  The  correlation  of  low  m^, 
low  frequency  and  low  Q  is  confirmed  by  Simpson  and  Cleary  (4). 

One  difficulty  with  this  proposal  pointed  out  by  Simpson  and  Cleary 
(4)  is  that  most  evidence  on  Q  structure  indicates  that  low  Q  regions  are  confined 
to  a  low-velocity  layer  in  the  uppermost  mantle.  If  this  layer  is  reasonably 
continuous,  all  arrivals  will  be  attenuated  by  virtually  the  same  amounts  and 
there  will  be  no  paths  with  less  attenuation  than  on  the  direct  P  path,  neither  for 
the  coda,  nor  for  any  subsequent  arrivals.  However,  there  is  evidence  that  this  is 
not  so.  For,  although  the  amplitudes  of  P  on  the  very  complex  seismograms 
recorded  at  SI-BC  (Smithers,  British  Columbia:  A  =  31.8)  and  PG-BC  (a  =  34.5) 
are  much  less  than  expected,  given  the  magnitude  of  LONGSHOT,  PcP  does  not 
appear  to  have  been  similarly  reduced;  it  is  in  fact  much  larger  than  P  at  these 
stations  (see  figure  2).  The  amplitudes  Ac  of  PcP  at  SI-BC  and  PG-BC  are  42.5 
and  105  nm  respectively  (32);  on  the  other  hand,  at  YKA,  although  P  is  relatively 
large,  Ac  is  only  38.7  nm  and  the  average  value  of  Ac  in  the  distance  range  30  to 
35°  is  45  nm. 

It  appears,  therefore,  that,  although  P  has  been  attenuated  by  low  Q, 
PcP  has  not  and  so  the  low  Q  zone  must  be  sharply  limited  in  extent. 
Alternatively,  the  low  Q  may  be  at  greater  depths  in  the  mantle  (as  proposed  by 
Douglas  et  al.  (2))  so  that  the  greater  attenuation  of  P  is  explained  by  the  fact 
that  the  P  pulse  spends  much  more  time  in  the  low  Q  region  than  PcP.  If  there 
can  be  two  different  paths  (P  and  PcP)  from  the  source  to  the  receiver  by  which 
the  signal  is  attenuated  differently,  then  there  seems  to  be  no  reason  why  there 
should  not  be  others  which  will,  on  the  weak  signal  hypothesis,  account  for  the 
complexity.  Note  also  that  there  is  evidence  from  other  regions  of  low  Q  at 
depth  in  the  upper  mantle;  thus,  Sacks  and  Okada  (33)  report  evidence  of  Q 
values  of  50  and  70  at  depths  of  400  km  beneath  Japan  and  South  America. 
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The  signals  in  the  coda  arrive,  according  to  Simpson  and  Cleary  (4), 
by  a  scattering  process  from  inhomogeneities  at  shallow  depths  in  the 
lithosphere.  The  evidence  from  the  LONGSHOT  seismograms,  however,  is  that 
any  scattering  in  the  lithosphere  is  weak  because,  as  shown  above,  although  at  a 
given  station  P  is  complex,  PcP  is  simple.  If,  nevertheless,  we  assume  that 
Simpson  and  Cleary  (4)  are  correct,  then  in  order  to  account  for  the  early  part  of 
the  coda,  these  scatterers  must  be  close  to  either  the  source  or  the  receiver. 
For  instance,  if  the  scattered  arrivals  are  to  contribute  to  the  first  30  s  of  the 
coda,  the  scatterers  must  lie  within  5°  of  the  station  or  source  and  to  arrive 
within  10  s,  scattering  must  take  place  within  1°  of  source  or  station.  If  the 
scattering  occurs  in  the  vicinity  of  the  station,  then  the  explanation  of  the  early 
coda  is  little  different  from  that  of  Key  (14)  mentioned  earlier.  If  it  takes  place 
near  the  source,  it  is  similar  to  Greenfield's  (15)  explanation  of  the  codas  on 
seismograms  of  Novaya  Zemlya  explosions. 

If  scattering  near  the  source  is  the  explanation  of  the  complex 
LONGSHOT  seismograms,  however,  the  process  would  have  to  be  very  directional 
because  at  source  the  difference  in  the  take  off  direction  of  rays  going  to 
stations  that  record  complex  records  and  those  that  record  simple  records  can  be 
quite  small.  For  example,  complex  P  signals  would  have  to  have  been  radiated  to 
stations  in  British  Columbia  (eg,  SI-BC  and  PG-BC)  and  a  simple  signal  to  YKA. 
The  difference  in  azimuth  between  the  British  Columbia  stations  and  YKA  is  only 
about  18°  and  the  difference  in  angle  between  the  rays  at  the  Moho  below  the 
source  is  only  about  11°;  if  the  surface  layer  at  the  source  has  a  P  wave  speed  of 
about  4  km/s,  the  angle  between  the  rays  at  source  is  about  5°.  Similarly, 
consider  the  two  stations  Fort  Nelson,  British  Columbia  (FL-BC)  and  Red  Lake, 
Ontario  (RK-ON)  which  lie  on  the  same  azimuth  from  the  source  but  at  distances 
of  33  and  51.5°  respectively.  The  LONGSHOT  seismogram  recorded  at  FL-BC  is 
complex  (14)  whereas  the  RK-ON  seismogram  is  simple.  At  the  Moho  beneath 
the  source,  however,  the  angular  difference  between  the  rays  that  travel  to  the 
two  stations  is  about  6°  whereas  at  the  surface  the  difference  is  less  than  3° 
(again  assuming  a  P  wave  speed  in  the  surface  layers  of  4  km/s). 

The  scattering  of  a  plane  wave  (that  is,  scattering  at  points  far  from 
tiie  source)  is  fairly  directional  at  high  frequencies,  but  the  scattering  of  a 


spherical  wave  (that  is,  scattering  near  the  source)  is  not,  the  incident  signal 
being  made  up  of  a  superposition  of  plane  waves  with  different  directions  of 
incidence.  For  instance,  high  frequency  scattering  of  a  spherical  wave  by  a 
sphere  of  radius  a  with  its  centre  a  distance  d  from  the  source  gives,  according 
to  the  Born  approximation,  a  smoothly  varying  radiation  pattern  with  a  main  lobe 
having  semi-angle  approximately  tan~‘  a/d.  In  the  case  of  the  inhomogeneities 
in  the  lithosphere,  a/d  appears  to  have  the  value  of  about  y  (17)  which  makes  the 
lobe  semi-angle  about  27°,  much  greater  than  that  required  to  explain  the  data. 

So  far  it  has  been  assumed  that  if  the  weak  signal  hypothesis  is  the 
explanation  of  the  complexity  of  the  LONGSHOT  seismograms,  then  it  is  low  Q 
that  reduces  direct  P.  Another  possible  mechanism  for  reducing  P  is  the 
presence  of  a  structure  that  defocusses  P  and  produces  a  partial  shadow  zone. 
Davies  and  Julian  (16)  have  proposed  such  a  mechanism  to  explain  the  variation 
in  the  complexity  of  the  LONGSHOT  seismograms,  the  structure  causing  the 
de focussing  being  assumed  to  be  the  dipping  lithospheric  plate,  but  the  fit 
between  the  predicted  shadow  zone  and  observed  regions  of  low  P  amplitude  is 
poor.  Sleep  (34),  in  a  study  of  five  island  arcs,  concludes  that  short  period 
amplitude  reductions  attributable  to  such  shadow  zones  are  not  marked  (less  than 
a  factor  of  2).  Perhaps  then  some  other  structure  is  responsible  for  reducing  P  at 
the  station  recording  the  complex  seismogram.  However,  the  assumption  that  it 
is  low  Q  rather  than  defocussing  that  reduces  P  seems  to  be  preferable  because 
the  relatively  low  frequency  of  P  as  seen  at  stations  that  record  complex 
seismograms  is  then  accounted  for. 

Without  array  recordings,  it  is  difficult  to  proceed  much  further, 
except  to  note  that  the  complexity  of  the  LONGSHOT  seismograms  recorded  at 
single  stations  in  western  North  America  may  be  due  to  strong  scattering  from 
the  mountain  ranges  of  the  region,  as  suggested  by  Key  (14),  partly  because  the 
scattered  waves  in  this  case  are  Rayleigh  waves,  slow  moving  (high  energy 
density)  and  carrying  maximum  displacements  at  the  surface. 

Apart  from  the  possibility  of  strong  near  station  scattering  from 
rough  topography,  it  appears  that  the  complexity  of  the  P  seismograms  from 
LONGSHOT  are  most  easily  accounted  for  on  the  weak  signal  hypothesis. 
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Broad  band  seismograms 


Douglas  et  al.  (2)  studied  several  other  explosions  but  these  data  are 
not  discussed  in  detail  by  Simpson  and  Cleary  (14)  because  they  claim  that  the 
data  "are  too  few  and  too  disparate  for  quantitative  results  to  be  obtained". 
However,  these  data  contain  a  complex  explosion  signal  recorded  at  an  array 
(that  is,  a  Novaya  Zemlya  explosion  recorded  at  YKA)  on  which  the  effects  of 
local  scattering  can  be  attenuated  by  array  processing,  thus  showing  that  the 
complexity  is  not  locally  generated.  There  are  few  data  as  useful  as  this  for  the 
purposes  of  this  investigation  and  so  we  consider  them  further  here. 

First  of  all,  however,  we  take  up  the  question  of  how  to  obtain  the 
maximum  information  on  the  variation  of  amplitudes  of  a  seismogram  with 
frequency.  Both  scattering  and  damping  are  frequency-dependent  processes  and 
such  information  is  vital  if  we  are  to  reach  reliable  conclusions. 

Figure  3  shows  the  seismograms  from  an  explosion  at  Novaya  Zemlya, 
USSR  (23  August  1975)  recorded  at  YKA  (A=44.0°)  and  Eskdalemuir,  Scotland 
(EKA;  A=  28.9°).  The  relative  magnifications  of  the  two  types  of  system  used 
for  these  recordings  are  shown  as  a  function  of  frequency  in  figure  4.  One 
system  (referred  to  here  as  the  broad  band  system:  BB)  has  a  flat  response  for 
displacement  from  about  0.1  to  10  Hz  and  is  modelled  on  the  response  of  the 
Kirnos  SKD  system  (36).  The  other  is  a  short  period  (SP)  system  that  is 
essentially  a  high  pass  filter  for  ground  displacement  and  cuts  off  sharply  below 
1  Hz.  As  we  shall  show,  comparison  of  the  BB  and  SP  versions  of  the  same  signal 
is  very  revealing. 

The  BB  seismogram  for  EKA  (figure  3(d))  and  the  SP  seismograms  for 
both  EKA  and  YKA  (figures  3(a)  and  3(f)  respectively)  were  recorded  in  the  form 
shown  in  figure  3  and  have  simply  been  replayed  from  tape.  No  equivalent  BB 
recording  is  available  for  YKA  so  it  was  necessary  to  devise  a  method  of 
constructing  the  BB  seismogram  from  the  SP  record.  The  method  used  is  as 
follows:  at  each  frequency  w  the  spectrum  of  the  SP  seismogram  was  multiplied 
by  a ,  (oj  )/a2  (u> ),  where  a  t  (u) )  and  a2  (u>  )  are  the  responses  of  the  BB  and  SP 
systems  respectively,  and  the  modified  spectrum  transformed  back  to  the  time 
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domain  (this  method  of  obtaining  the  BB  seismogram  is  based  on  a  suggestion  of 
F  A  Key  (37)).  Ideally,  this  process  should  produce  the  required  BB  seismogram 
but  die  process  becomes  unstable  at  long  periods  and  additional  filtering  has  to 
be  applied  to  cut  out  long  period  drift.  The  YKA  BB  seismogram  shown  in 
figure  3(g)  has  been  produced  in  this  way  and  filtered  with  a  high  pass  filter  that 
cuts  off  sharply  at  frequencies  below  0.1  Hz.  Also  shown  in  figure  3  is  the  EKA 
BB  seismogram  derived  from  the  SP  (figure  3(b))  in  the  same  way  as  the  YKA  BB 
seismogram.  The  SP  to  BB  conversion  and  the  directly  recorded  BB  (figures  3(b) 
and  3(d))  are  clearly  similar,  except  for  the  large  amplitude  low  frequency  noise 
shown  on  the  conversion.  Figure  3(c)  shows  the  result  of  applying  a  Wiener  filter 
to  suppress  the  low  frequency  noise  on  the  EKA  SP  to  BB  conversion.  A  similar 
filter  has  been  applied  to  the  directly  recorded  EKA  BB  seismogram  to  reduce 
the  microseisms  and  this  filtered  record  is  shown  in  figure  3(e).  Despite  the 
amount  of  filtering  that  has  been  applied  to  the  original  EKA  SP  seismogram  to 
obtain  the  estimate  of  the  EKA  BB  seismogram  (figure  3(c)),  the  conversion 
shows  a  striking  similarity  to  the  directly  recorded  broad  band  signal 
(figure  3(e)).  This  gives  us  confidence  that  reliable  BB  seismograms  can  be 
obtained  from  SP  seismograms  at  least  for  explosions.  The  same  type  of  Wiener 
filtering  has  been  applied  also  to  the  YKA  BB  derived  from  the  SP  seismogram 
(figure  3(g));  the  result  of  the  filtering  is  shown  in  figure  3(h).  We  now  regard 
this  as  the  BB  signal  at  YKA. 


The  Novaya  Zemlya  explosion 


We  now  consider  the  evidence  provided  of  the  origin  of  complexity  by 
the  SP  and  BB  records  of  the  Novaya  Zemlya  (NZ)  explosion  of  23  August  1975 
(which  appear  once  more,  for  ease  of  comparison,  in  figure  5).  It  is  clear  that 
the  YKA  SP  seismogram  (figure  5(b))  is  more  complex  than  for  EKA.  As 
displayed  the  magnification  at  1  Hz  of  the  YKA  SP  seismogram  (amplitude  of 
first  arrival  102  nm)  is  about  seven  times  that  of  the  EKA  seismogram  (amplitude 
of  the  first  arrival  725  nm).  Allowing  for  this  the  amplitude  of  the  YKA  SP  P 
coda  is  Jess  than  a  third  the  amplitude  of  the  EKA  coda.  The  average  amplitude- 
distance  curve  for  P  waves  is  very  nearly  constant  from  28  to  90°  so  it  is 
unnecessary  to  normalise  the  observed  amplitudes  at  YKA  and  EKA  for  distance. 
Thus,  the  complexity  at  YKA  appears  to  be  due  not  to  a  relatively  large  coda  but 
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to  a  small  P  onset  since  the  P  coda  at  EKA  is  in  absolute  terms  larger  than  that 
at  YKA.  The  data  presented  by  Douglas  et  al.  (2)  from  other  NZ  explosions 
recorded  at  YKA  show  the  same  features. 

Consider  now  the  YKA  BB  seismogram  (figure  5(d));  when  allowance 
is  made  for  any  residual  effects  of  low  frequency  noise,  there  is  evidence  that 
the  BB  seismogram  is  simpler  than  the  SP  seismogram.  This  can  most  easily  be 
seen  over  the  section  AB  of  the  seismogram  (figure  5(d))  where  the  coda  is  about 
one-sixth  of  the  maximum  amplitude  of  the  signal,  whereas  on  the  SP  record  the 
amplitude  of  the  coda  is  about  one-third  the  maximum.  This  indicates  that  the 
coda  of  the  YKA  SP  seismogram  contains  more  high  frequency  energy  than  the 
first  arrival.  Further  comparison  of  the  EKA  and  YKA  BB  seismograms  (figures 
5(c)  and  5(d))  shows  clearly  that  the  first  arrival  at  EKA  (amplitude  1770  nm)  has 
more  high  frequency  energy  than  the  first  arrival  on  the  YKA  BB  seismogram 
(amplitude  500  nm).  In  order  to  demonstrate  that  the  difference  in  the  amplitude 
and  frequency  content  of  the  EKA  and  YKA  BB  seismograms  can  be  accounted 
for  by  differences  in  anelastic  attenuation  on  the  path  to  the  two  stations,  the 
EKA  BB  seismogram  (figure  5(c))  has  been  passed  through  a  filter  to  simulate  the 
affects  of  additional  attenuation  on  the  path  NZ  to  YKA.  The  attenuation  at 
frequency  oi  due  to  anelastic  attenuation  is  usually  assumed  to  have  the  form 
exp  (-1  u>  1 1*/2)  where  t*  =  T/Q^y,  T  is  the  travel  time  and  the  average 

attenuation  factor  on  the  path.  If  t*  is  the  value  of  t*  for  the  NZ  to  EKA  path 
and  is  the  value  for  the  NZ  to  YKA  path,  then  by  passing  the  EKA  seismogram 
through  a  filter  with  amplitude  response  exp(|cuj(tj  -  tf))/2  the  resulting 
seismogram  should  have  the  same  frequency  content  as  the  YKA  seismogram  at 
least  for  the  first  arrival.  Figure  5(e)  shows  the  result  of  applying  such  a  filter 
to  the  EKA  BB  seismogram  with  t*  -  t*  =  0.6  s.  (In  order  to  ensure  that  the 
filter  is  causal,  it  is  necessary  to  include  a  phase  shift;  this  has  been  done  using 
the  method  suggested  by  Carpenter  (38),  based  on  the  work  of  Futterman  (39)). 
The  effect  of  applying  such  a  filter  to  the  EKA  BB  seismogram  is  to  reduce  the 
amplitude  of  the  first  arrival  by  a  factor  of  2  (which  is  about  the  factor  required) 
and  to  convert  the  high  frequency  first  arrival  seen  on  the  EKA  BB  seismogram 
to  a  low  frequency  pulse  similar  to  that  seen  on  the  YKA  BB  seismogram. 
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Note  that  the  amplitude  of  PcP  on  the  SP  seismogram  is  much 
smaller  relative  to  P  on  the  simple  EKA  record  (figure  5(a))  than  on  the  complex 
YKA  record  (figure  5(b)),  thus  giving  additional  evidence,  as  on  the  complex 
seismograms  from  LONGSHOT,  for  the  reduction  of  P  relative  to  the  rest  of  the 
seismogram.  PcP  is  also  small  relative  to  P  on  the  simple  seismograms  recorded 
at  Gauribidanur  (GBA),  India  from  N2  explosions  (see  figure  7).  The  ratio  AP/AC 
for  YKA,  EKA  and  GBA  SP  seismograms  of  NZ  explosions  is  roughly  1,  7  and  7 
respectively.  The  PcP  phase  at  YKA  as  shown  on  the  SP  seismogram  (figure  5(b)) 
is  about  equal  in  amplitude  to  P,  whereas  on  the  BB  seismogram  (figure  5(d))  PcP 
is  about  half  the  size  of  P;  this  difference  in  the  relative  amplitude  of  P  and  PcP 
on  the  two  different  types  of  seismograms  shows  that  P  has  less  high  frequency 
energy  than  PcP.  Comparing  the  shape  of  PcP  at  YKA  as  seen  on  the  BB 
seismogram  with  the  shape  of  P  on  the  EKA  BB  seismogram  shows  that  anelastic 
attenuation  has  affected  both  these  arrivals  about  equally. 

The  observations  that:- 

(a)  Direct  P  recorded  at  YKA  from  NZ  explosions  has  lower 
amplitude  than  that  recorded  at  EKA. 

(b)  The  coda  at  YKA  has  roughly  the  same  amplitude  as  at  EKA. 

(c)  The  proportion  of  high  frequency  energy  in  the  BB  P  signal  for 
YKA  is  lower  than  that  in  the  EKA  seismogram  and  that  this 
difference  is  consistent  with  the  assumption  that  anelastic  attenua¬ 
tion  is  greater  on  the  paths  to  YKA  than  to  EKA. 

(d)  The  proportion  of  high  frequency  energy  in  the  coda  of  the  YKA 
BB  seismogram  is  greater  than  in  the  first  arrival, 

are  all  strong  evidence  in  support  of  the  suggestion  of  Douglas  et  al.  (2)  that  the 
complex  seismograms  recorded  at  YKA  from  NZ  explosions  arise  because  direct 
P  has  been  attenuated  by  passing  through  a  region  of  low  Q. 
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The  strong  scattering  hypothesis  as  applied  to  these  records  appears 
to  have  the  same  disadvantages  as  when  applied  to  the  LONGSHOT  data.  As 
near  station  scattering  is  eliminated  as  a  possible  source  of  complexity,  then  the 
early  part  of  the  coda  must  be  attributed  to  scattering  close  to  the  source.  Such 
scattering  must  again  be  strongly  directional,  for  complex  SP  seismograms  are 
observed  at  YKA,  Canada  (azimuth  353,  distance  44°)  and  other  stations  in 
North  America,  whereas  simple  seismograms  are  observed,  for  example,  at  EKA , 
Scotland  (azimuth  263.5,  distance  29.0°)  and  GBA,  India  (azimuth  154.5,  distance 
61°).  However,  these  stations  are  widely  spread  in  azimuth  so  the  radiation 
pattern  of  scattering  is  not  so  tightly  constrained  as  that  required  to  explain  the 
complexity  of  the  LONGSHOT  seismogram  as  near  source  scattering. 

There  is  a  further  notable  feature  of  the  EKA  seismograms  shown  in 
figure  5  which  is  that  the  BB  seismogram  shows  several  arrivals,  including  PP, 
which  on  the  SP  seismogram  are  of  low  amplitude  relative  to  P  or  are  absent; 
however,  the  SP  seismogram  is  simpler  than  the  BB.  That  the  SP  seismogram  is 
so  simple  is  perhaps  surprising  because  the  EKA-NZ  distance  is  28.9°  and  so,  as 
with  the  Bukhara  explosion,  arrivals  due  to  triplications  in  the  travel  time  curve 
are  to  be  expected.  King  and  Calcagnile  (29),  for  example,  show  SP  seismograms 
recorded  at  NOR5AR  from  explosions  in  the  USSR  (at  distances  of  about  29°) 
which  contain  strong  arrivals  (with  amplitude  greater  than  P)  about  20  s  after 
onset  which  they  interpret  as  due  to  triplication  of  the  travel  time  curve.  The 
relative  amplitude  of  the  arrivals  on  the  EKA  BB  seismogram  compared  to  the  SP 
shows  that  the  later  arrivals  contain  a  much  lower  proportion  of  high  frequency 
energy  than  the  first  arrival.  This  conclusion  also  follows  from  inspection  of  the 
BB  seismogram  alone  where  the  later  arrivals  are  clearly  of  lower  frequency  than 
P.  These  differences  in  the  amount  of  high  frequency  energy  in  the  later  arrivals 
compared  to  P  suggest  that  P  has  followed  a  path  on  which  the  anelastic 
attenuation  is  much  less  than  that  on  not  only  the  paths  followed  by  the 
scattered  waves  but  also  on  those  followed  by  the  succeeding  standard  phases. 
The  simplicity  of  the  SP  seismogram  can  thus  be  confirmed  as  being  due  to  the 
effects  of  Q  structure  in  the  crust  and  upper  mantle  between  EKA  and  NZ. 
Mereu  et  al.  (28)  illustrate  how  Q  structure  can  strongly  affect  the  relative 
amplitudes  of  such  arrivals. 
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Note  that  when  the  EKA  BB  seismogram  is  passed  through  the  filter 
that  simulates  the  effects  of  anelastic  attenuation  to  produce  figure  5(e),  the 
filtered  seismogram  is  more  complex  than  the  input  to  the  filter  (figure  5(c)). 
This  is  because  the  effect  of  the  filter  is  to  reduce  preferentially  the  high 
frequency  first  arrival  and  leave  the  later  low  frequency  arrivals  almost 
untouched.  This  illustrates  how  a  complex  record  can  be  produced  by  reducing  or 
weakening  the  first  arrival.  This  is  the  basis  of  the  weak  signal  hypothesis  of 
complexity. 


2.5  Strong  scattering  and  the  P  coda 

Cleary  et  al.  (9)  present  data  from  4  earthquakes  and  2  explosions  to 
support  their  hypothesis  that  the  source  of  the  P  coda  is  strong  scattering.  One 
of  the  paths  studied  is  from  Novaya  Zemlya  to  the  Warramunga  array  (WRA: 
A  =  106°),  and  another  is  from  the  Hindu  Kush  to  Canberra  (CAN:  A  =  101.8°). 
For  both  these  paths  the  influence  of  the  core  has  to  be  taken  into  account  and, 
since  in  any  case  these  seismograms  have  more  bearing  on  the  precursors  to  PP 
than  on  the  coda  of  P,  we  shall  discuss  them  in  section  3.  In  this  section  we  are 
concerned  only  with  the  P  codas  of  the  other  seismograms  presented  by  Cleary  et 
al.  (9)  which  were  all  recorded  at  the  station  CAN  and  cover  the  distance  range 
64.3  to  90.3°;  three  are  from  earthquakes  and  one  from  an  explosion. 

It  is  difficult  to  assess  how  well  these  data  support  either  scattering 
hypothesis  since  the  possibility  of  prolonged  radiation  by  the  source  and 
scattering  in  the  vicinity  of  both  source  and  receiver  has  not  been  ruled  out.  No 
evidence  has  been  presented  that  any  of  the  earthquakes  (all  of  which  have 
>  6.0)  have  a  simple  source  function.  We  may  suppose  as  usual  that  the 
explosion  source  is  simple,  but  the  question  still  remains  as  to  the  possibility  of 
prolonged  near-source  scattering  along  the  lines,  for  instance,  of  the  Greenfield 
(15)  model.  The  P  coda  of  this  seismogram  (the  CAN  record  of  the  CANNIKIN 
explosion)  is  more  complex  than  is  usual  for  explosion  seismograms,  but  there  is 
some  evidence  that  the  near-source  scattering  is  small  because,  as  Key  (14) 
shows,  the  signal  from  the  LONGSHOT  explosion  which  was  fired  at  the  same 
test  site  as  CANNIKIN  (Amchitka  Island  in  the  Aleutians)  has  a  simple  P  coda  as 
observed  at  the  WRA  array.  The  difference  in  azimuth’  from  Amchitka  Island  to 
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WRA  and  to  CAN  is  only  about  IS0  and  the  difference  in  distance  is  about  9°,  so 
rays  leave  the  source  to  these  stations  along  similar  paths  and  it  would  seem 
unlikely  that  any  scattering  in  the  source  region  would  not  be  evident  at  WRA  as 
well  as  at  CAN.  Unfortunately,  the  array  seismograms  from  the  CANNIKIN 
explosion  at  WRA  are  overloaded  and  we  do  not  have  this  additional  information. 

One  likely  source  of  complexity  in  ail  these  four  records  is  scattering 
from  the  structure  in  the  neighbourhood  of  the  recording  station;  CAN  is  not  an 
array  and  no  example  is  presented  of  a  simple  seismogram  to  show  that  the 
effect  of  such  structure  is  small.  In  addition,  since  the  distance  between  the 
CANNIKIN  firing  site  and  CAN  is  90.3°,  the  ray  path  for  the  explosion  signal 
passes  close  to  the  core-mantle  boundary  where  there  is  strong  evidence  of  a 
scattering  layer  (see,  for  example,  references  (18)  and  (19)).  The  contribution  to 
the  complexity  of  the  seismogram  of  scattering  within  this  layer  cannot  be 
disregarded. 

The  main  evidence  that  Cleary  et  al.  (9)  find  in  support  of  their 
strong  scattering  model  is  that  the  variation  of  the  P  coda  amplitudes  with  time 
follow  roughly  the  form  of  the  decay  of  P  wave  amplitudes  with  distance.  It  is 
inferred  that  multiple  scattering  may  be  neglected  and  that  the  process 
suggested  by  Greenfield  (15),  whereby  the  incident  waves  are  converted  by  rough 
topography  into  surface  wave  energy  and  subsequently  converted  back  into  body 
waves,  is  not  effective.  In  some  circumstances,  however,  this  process  can  be 
remarkably  efficient  (35). 

The  argument  for  single  scattering,  even  though  scattering  is  not 
thought  to  be  weak,  is  that  wavelengths  are  small  compared  with  the  size  of  the 
inhomogeneities  and  the  scattered  waves  are  highly  directional  in  line  with  the 
incident  wave;  these  waves  pass  through  a  relatively  thin  layer  at  nearly  normal 
Incidence  and  therefore  multiple-scattering  may  be  neglected.  With  wavelengths 
of  about  10  km  and  observable  variations  in  lithospheric  structure  of  down  to 
20  km  in  scale  (Aki  et  al.  (17)  and  confirmed  by  observation  of  surface 
topography)  the  short  wavelength  assumption  seems  rather  marginal. 
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Finally,  if  the  effectiveness  of  scattering  in  the  upper  mantle  is 
strongly  regional  (as  it  must  be  on  the  strong  scattering  hypothesis  if  simple 
signals  are  ever  to  be  generated),  the  variation  of  the  scattered  signal  with  time 
will  reflect  the  geographical  distribution  of  scatterers  more  than  the  amplitude 
of  the  incident  waves,  and  any  correlation  with  the  amplitude-distance  curve  will 
be  fortuitous.  It  may  be  noted  that  the  weak  signal  hypothesis  does  not  demand 
such  a  restriction  on  the  distribution  of  scatterers,  and  since  a  correlation 
between  the  P  coda  amplitude  and  the  amplitude-distance  curve  implies  a 
reasonably  uniform  scattering  layer,  it  is  positive  evidence  for  this  latter 
hypothesis. 


3.  PRECURSORS  TO  PP 


In  section  2  it  is  suggested  that,  although  the  P  coda  is  probably 
largely  composed  of  scattered  signals,  the  main  factor  controlling  complexity  is 
the  amplitude  of  P  (and  pP  and  sP)  relative  to  the  magnitude  of  the  source.  In 
this  section  we  examine  the  data  on  the  precursors  to  PP  to  see  if  the  apparent 
prominence  of  these  arrivals  can  be  explained  in  a  similar  way. 

The  precursors  to  PP  have  been  observed  mainly  in  the  distance  range 
90  to  115°.  At  these  distances  some  short  period  P  wave  seismograms  are 
observed  to  decay  slowly  in  amplitude  until  about  80  s  before  PP,  after  which 
time  the  precursors  are  seen  with  amplitudes  that  are  similar  to  that  of  P  and 
often  larger  than  PP.  Bolt  et  al.  (40)  suggest  that  these  arrivals  are  reflections 
from  the  underside  of  discontinuities  in  the  upper  mantle  at  the  mid-point  in  the 
path  (usually  termed  PdP)  but  measurements  of  the  apparent  surface  speeds 
(7,9,10)  all  give  values  that  are  either  too  high  or  too  low  for  them  to  be  PdP. 
Further,  measurements  of  the  azimuth  of  arrival  show  that  many  of  the 
precursors  have  azimuths  well  off  great  circle  paths.  These  results  seem  to  show 
conclusively  that  the  arrivals  are  indeed  scattered  waves  arising  from  a  wide 
range  of  sources. 

In  order  to  account  for  the  large  amplitude  of  these  arrivals  relative 
to  P  and  PP,  it  seems  to  have  been  assumed  simpiy  that  the  scattering  is 
sufficiently  intense.  The  difficulty  with  assuming  that  there  are  widespread 


24 


regions  of  intense  scattering  has  been  pointed  out  above.  However,  the 
precursors  to  PP  are  most  clearly  seen  in  the  range  95  to  110°  which  is  a  shadow 
zone  for  P.  This  suggests  that,  as  with  the  P  coda,  the  precursors  to  PP  are 
prominent  because  direct  P  is  small.  We  examine  this  possibility  below. 

3.1  The  model 


The  model  we  propose  is  shown  in  figure  6;  the  focus  F  is  assumed  to 
be  at  a  distance  greater  than  about  95°  from  the  receiver  R  so  that  the  direct  P 
is  diffracted  along  the  core-mantle  boundary  with  a  resulting  reduction  in  its 
amplitude.  Scattered  waves  are  assumed  to  be  radiated  in  much  the  same  way  as 
assumed  by  Cleary  et  al.  (9),  although  the  exact  path  is  not  important.  All  we 
need  to  assume  is  that  energy  is  spreading  out  from  F  and  that  part  of  this 
energy  is  being  re-radiated  along  standard  ray  paths  towards  R;  these  secondary 
sources  will  be  further  and  further  from  F  with  time.  For  scatterers  close  to  F 
the  scattered  energy  is  attenuated  by  diffraction  along  the  core-mantle  boundary 
in  a  similar  way  to  direct  P.  However,  when  the  source  of  the  secondary  waves 
reaches  some  point  D,  the  scattered  waves  travelling  to  R  miss  the  core  by  a 
sufficient  distance  to  avoid  attenuation  by  diffraction. 

In  the  absence  of  more  detailed  information  we  assume  that  the  loss 
in  amplitude  from  geometrical  spreading  and  anelastic  attenuation  along  the  path 
FR  is  about  the  same  as  on  the  path  FDR;  on  the  path  FR  there  is  further  loss  of 
amplitude  due  to  diffraction  along  the  core-mantle  boundary  and  on  the  path 
FDR  there  is  loss  of  amplitude  due  to  the  scattering  process.  Observational 
evidence  on  the  decay  of  P  waves  of  frequencies  around  1  Hz  shows  that  short 

period  P  signals  travelling  to  a  distance  of  greater  than  about  100°  are 

attenuated  by  over  an  order  of  magnitude  compared  to  P  waves  travelling  to 
around  90°  (see,  for  example,  reference  (41));  we  assume  that  this  difference  in 
amplitude  is  due  solely  to  the  effects  of  diffraction  along  the  core-mantle 
boundary  of  the  P  wave  travelling  to  100°  and  beyond.  Then  if  equal  amplitudes 
are  radiated  at  source  on  the  paths  FR  and  FD,  the  scattered  waves  as  seen  at  R 
will  be  of  roughly  equal  amplitude  to  the  direct  P  if  the  reduction  in  amplitude 

from  incident  to  scattered  wave  is  an  order  of  magnitude.  (Here  we  have 

discussed  the  model  in  terms  of  great  circle  paths,  but  in  practice  scattering  will 
also  take  place  off  such  paths.  However,  the  broad  conclusion  remains.) 
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During  diffraction  along  the  core-mantle  boundary  the  high  frequency 
components  of  the  P  signal  will  be  attenuated  more  rapidly  than  the  low 
frequency  components  so  P  will  have  less  high  frequency  energy  than  arrivals 
that  have  not  travelled  along  the  core-mantle  boundary  but  have  had  the  same 
anelastic  attenuation.  Thus,  even  if  scattering  is  not  frequency  dependent,  the 
scattered  arrivals  should  have  more  high  frequency  energy  than  direct  P.  In 
practice  scattering  will  depend  on  frequency  and  the  high  frequency  components 
will  be  scattered  preferentially.  On  the  final  seismogram  then  the  coda  should 
show  more  high  frequency  energy  than  P. 

This  model  for  the  generation  of  the  precursors  is  almost  identical  to 
that  proposed  by  Cleary  et  al.  (9)  and  King  et  al.  (10).  However,  by  taking  into 
account  the  effect  of  diffraction  at  the  core-mantle  boundary,  we  have  no  need 
to  involve  anything  more  than  weak  scattering;  these  scattered  waves  are  small 
relative  to  the  primary  wave. 

So  far  we  have  considered  scattering  only  from  regions  in  the  crust 
and  upper  mantle,  yet  there  is  also  evidence  that  there  is  a  scattering  region  at 
the  base  of  the  mantle  (18,19).  If  this  is  true,  then  scattered  arrivals  are  also  to 
be  expected  following  closely  on  direct  P  at  the  distances  being  considered  here 
(  A  =  95  to  115°)  and  if  the  scattered  arrivals  miss  the  core,  they  will  be  enhanced 
relative  to  direct  P  in  much  the  same  way  as  the  waves  scattered  in  the  crust 
and  upper  mantle. 

3.2  The  amplitude  of  PP 

If  the  model  outlined  above  is  correct,  P  is  attenuated  by  diffraction 
and  the  arrivals  in  the  coda  are  relatively  low  amplitude  scattered  waves,  so  that 
PP  might  be  expected  to  be  large  compared  to  P.  Yet  the  data  presented  by 
Cleary  et  al.  (9)  shows  that  the  amplitude  of  PP  is  less  than  that  of  P  and  is 
about  the  same  amplitude  as  the  PP  precursors.  King  et  al.  (10)  argue  that  as  the 
amplitude  of  PP  and  the  precursors  are  often  roughly  equal,  this  is  evidence  that 
the  precursors  result  from  strong  scattering,  but  this  is  not  necessarily  so  as  we 
show  in  this  section. 


26 


Consider  first  P  and  PP  recorded  distances  of  A  <  90°  so  that  the  P 

ray  path  does  not  interact  with  the  core-mantle  boundary  and  assume  that  at 

source  P  and  PP  are  of  equal  amplitude,  then  at  frequency  u>  for  sources  at 

shallow  depth,  P  will  be  attenuated  by  exp  (-  |oj |  t*/2)G(A)  and  PP  by  exp  (- 

| a) 1 1*  /2)  (G(  A /2)/2(cos  A/2)^)F(ui).  G(  A)  is  the  geometrical  spreading  factor 
PP  p 

for  P  to  distance  A*  t*  is  Tp/QAy;  Tp  is  the  travel  time  of  P  to  distance  A  , 
and  (Q av)  " 1  is  the  average  Q‘  1  for  the  P  ray  path,  t*  =  Tpp/Q  APy  where 
Tpp  is  the  travel  time  of  PP  and  (q'av)  1  is  the  average  Q"1  for  the  PP  path. 
F(u))  is  a  factor  that  allows  for  the  effects  of  reflection  at  the  mid-point  of  the 
PP  path.  If  the  crust  is  complicated,  then  the  incident  P  at  the  mid-point  will  be 
reflected  as  a  series  of  arrivals  with  reduced  amplitudes.  In  addition  to  this,  PP 
will  be  the  Hilbert  transform  of  the  incident  waves,  but  for  narrow  band  signals 
this  is  unlikely  to  have  much  effect  on  the  amplitude. 


F(u>)  is  difficult  to  allow  for  in  the  frequency  domain;  the  effects  are 
most  easily  discussed  in  the  time  domain.  The  effect  of  the  reflection  at  the 
mid-point  of  the  PP  path  has  therefore  been  examined  by  modelling;  that  is,  by 
an  extension  of  the  method  of  computing  theoretical  seismograms  discussed  by 
Hudson  (42,43)  and  Douglas  et  al.  (13)  (see  appendix  A).  These  modelling 
experiments  show  that  for  realistic  crusts  the  loss  of  amplitude  at  reflection  is 
usually  small. 


In  the  range  A  =  60  to  90°,  G(  A/2)  and  G(  A  )  are  about  equal  because 

G(  A  )  as  computed  from  travel  time  curves  (44)  is  roughly  constant  in  the  range 

30  to  90°  and  (cos  A  /2^)  is  about  unity  so  that  the  geometrical  spreading  factor 

for  PP  is  about  half  that  of  P.  To  estimate  the  differences  in  the  effects  of 

anelastic  attenuation  for  P  and  PP  is  difficult.  Layers  of  high  anelastic 

attenuation  (low  Q)  appear  to  be  confined  to  the  upper  mantle  so  as  PP  spends 

PP  P 

much  more  time  than  P  in  the  upper  mantle  usually  Q  Ay  will  be  less  than  QAy. 
Also  Tpp  >  Tp,  so,  in  general,  t*  will  be  less  than  t*  . 


The  observed  amplitude-distance  curve  for  P  waves  in  the  range  30  to 
has  the  same  shape  as  the  curve  of  G(  A  )  computed  from  travel  time  tables 


90* 

which  implies  that  t*  is  roughly  constant  with  distance;  so,  on  average,  t* 


PP 
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=  2t*.  Estimates  of  t*  range  from  about  0.2  to  1.0  s  depending  on  the  path,  so 

t*  should  be  in  the  range  0.4  to  2.0  s.  If  t*  =  0.2  s  and  t*  is  0.4  s,  then  at  1  Hz 

PP  will  be  reduced  by  a  factor  of  2  relative  to  P  due  to  anelastic  attenuation;  for 

t*  =  1.0  s  and  t*  =  2.0  s  the  factor  is  about  20.  In  practice,  the  values  of  t*  for 
P  PP 

P  and  PP  will  not  usually  be  so  simply  related;  there  are  strong  lateral  variations 

in  Q  in  the  upper  mantle  and  thus  the  difference  between  t*  and  t*  for 
r  P  PP 

particular  paths  will  depend  very  much  on  the  variation  of  Q  with  depth  in  the 

vicinity  of  the  PP  reflection  point.  However,  it  does  not  seem  to  be 

unreasonable  to  expect  for  some  paths  a  loss  of  amplitude  at  1  Hz  due  to 

anelastic  attenuation  to  be  an  order  of  magnitude  or  more  for  PP  than  for  P,  say 

t*  =  0.2  s  and  t*  =  1.0  $. 

P  PP 

If  this  is  true,  then  on  short  period  seismograms  PP  could  be  more 
than  an  order  of  magnitude  less  than  P  when  observed  in  the  distance  range  60  to 
90°,  the  main  factor  reducing  PP  relative  to  P  being  anelastic  attenuation.  On 
long  period  seismograms  the  effects  of  anelastic  attenuation  and  reflection  will 
be  small  and  so  P  and  PP  differences  in  amplitudes  are  likely  to  be  less  on  LP 
than  on  SP  seismograms  and  this  is  supported  by  observation.  For  earthquake 
sources,  however,  prediction  of  the  relative  amplitudes  of  P  and  PP  is  difficult  as 
they  will  usually  have  different  amplitudes  at  source. 

At  distances  beyond  95°  direct  P  is  attenuated  by  diffraction  along 
the  core-mantle  boundary,  whereas  PP  is  not  so  affected,  thus  it  is  not  surprising 
that  on  an  SP  seismogram  P  and  PP  can  be  of  similar  amplitude  at  these 
distances.  Note  that  the  scattered  waves  are  also  assumed  to  spend  more  time 
and  travel  further  in  the  upper  mantle  than  direct  P  and  so  might  be  expected  to 
be  attenuated  in  the  same  way  as  PP.  However,  as  Q  varies  laterally  in  the 
upper  mantle  and  the  scattered  waves  in  general  have  numerous  paths  to  follow, 
the  paths  that  contribute  most  to  the  seismogram  will  be  those  on  which,  other 
things  being  equal,  attenuation  is  smallest.  For  PP,  however,  the  path  is  fixed  so 
that,  if  there  is  low  Q  on  this  path,  PP  will  very  likely  be  attenuated  much  more 
than  its  precursors. 
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3.3 


Novaya  Zemlya  explosions  recorded  at  the  Warramunga  array 


Some  of  the  best  examples  of  precursors  to  PP  are  shown  by  SP 
seismograms  recorded  at  the  Warramunga  Array,  Australia  (WRA)  from 
explosions  in  Novaya  Zemlya,  USSR,  an  epicentral  distance  of  106°  (see,  for 
example,  references  (7),  (9)  and  (10)).  Such  a  seismogram  is  shown  in  figure  7, 
together  with  seismograms  from  an  NZ  explosion  as  recorded  at  Gauribidanur 
(GBA),  India  (A  =  60°).  For  each  station  both  SP  and  BB  seismograms  are  shown; 
the  first  150  s  of  the  WRA  SP  and  BB  seismograms  are  shown  in  figures  7(a)  and 
7(b)  respectively;  the  continuation  of  the  SP  seismogram  is  shown  in  figure  7(d) 
and  of  the  BB  seismogram  in  figure  7(e).  The  BB  seismograms  for  GBA  (figure 
7(i))  and  both  the  WRA  and  GBA  SP  seismograms  (figures  7(a)  and  7(g) 
respectively)  were  recorded  in  the  form  shown  and  have  been  simply  replayed 
from  tape.  No  equivalent  BB  recording  is  available  for  WRA  so  the  BB  recording 
shown  has  been  derived  from  the  SP  seismogram  in  the  same  way  as  the  YKA  BB 
seismograms  shown  in  figure  3(g). 

The  WRA  seismograms  are  for  an  explosion  on  27  October  1973 
whereas  the  GBA  seismograms  are  for  an  explosion  on  2  November  1974.  Ideally 
the  seismograms  for  the  two  stations  would  be  for  the  same  explosion  but  the 
seismogram  for  the  1973  explosion  is  overloaded  at  GBA  and  there  is  no  WRA 
seismogram  for  the  1974  explosion.  However,  the  seismograms  are  typical  of 
WRA  and  GBA  seismograms  from  NZ  explosions  and  there  is  no  reason  to  suppose 
that  differences  in  the  sources  contribute  significantly  to  the  observed 
differences  in  the  complexity  of  the  seismogram.  So,  in  what  follows,  we  assume 
that  the  only  differences  in  the  seismograms  due  to  differences  at  source  are  in 
absolute  amplitude;  from  comparison  with  stations  that  recorded  both  explosions 
it  seems  that  the  1973  explosion  generated  seismic  amplitudes  about  1.5  times 
larger  than  the  1974  explosion.  When  comparing  amplitudes  (table  1)  the 
observed  GBA  amplitudes  for  the  1974  explosion  have  been  multiplied  by  1.5. 

The  GBA  SP  seismogram  (figure  7(g))  is  typical  of  the  simple 
seismograms  usually  recorded  from  explosions;  following  P,  the  amplitude  fails 
quickly  to  about  l /8th  of  that  of  P  and,  apart  from  PcP,  falls  steadily  from  then 
on  so  that  at  the  arrival  time  of  PP  the  amplitude  of  the  seismogram  is  about 


1  /20th  of  P.  (Note  that  this  seismogram  is  from  a  single  (low  magnification) 
seismograph  so  that  some  of  the  coda  is  probably  due  to  locally  generated  noise.) 

The  WRA  SP  seismogram  (figures  7(a)  and  7(d))  is  much  more  complex 
than  the  GBA  SP  seismogram  (figure  7(g)).  The  WRA  SP  seismogram  is  the  sum 
of  the  outputs  of  10  seismometers  of  an  array;  the  outputs  have  been  time 
shifted  to  bring  direct  P  into  phase  so  the  effects  of  any  locally  generated  noise 
in  the  seismogram  has  thus  been  reduced.  Note  that  there  are  arrivals  with 
amplitude  up  to  half  the  P  amplitude  or  more  for  about  25  s  after  onset;  the 
amplitude  then  decreases  slowly  until  about  2  min  after  P  when  the  amplitudes 
increase  again  giving  the  so-called  precursors  to  PP.  On  the  seismogram  the 
largest  amplitude  is  PP.  (Phasing  up  the  array  records  to  enhance  P  has  partially 
suppressed  PP  which  has  a  lower  apparent  surface  speed  than  P,  but  tests  show 
that  this  reduction  of  PP  relative  to  P  is  negligible.) 

Now  consider  the  broad  band  seismograms  (figures  7(b),  7(e)  and  7(0). 
The  GBA  seismogram  (figure  7(i)),  like  the  SP  version,  is  simple  but  PP  is  now 
seen  with  amplitude  about  1  /8th  of  P.  The  differences  in  the  relative  amplitude 
of  P  and  PP  on  the  broad  band  seismogram  compared  with  the  amplitude  on  the 
SP  seismogram  are  similar  to  those  shown  above  by  the  EKA  seismograms  of  NZ 
explosions  (figures  5(a)  and  5(c))  and  again  indicate  that  PP  has  relatively  less 
high  frequency  energy  than  P. 

The  WRA  broad  band  seismogram,  after  allowance  has  been  made  for 
the  presence  of  low  frequency  noise,  is  much  simpler  than  the  equivalent  SP 
seismogram.  The  arrivals  following  P  and  preceding  and  following  PP  are  of 
lower  amplitude  on  the  broad  band  seismogram  relative  to  PP  (and  P)  than  on  the 
SP,  showing  that  these  arrivals  contain  a  higher  proportion  of  high  frequency 
energy  than  either  PP  or  P.  Note  that  on  the  broad  band  seismogram  PP  is 
nearly  three  times  larger  than  P,  whereas  on  the  SP  seismogram  PP  is  only  about 
1.3  times  P.  This  indicates  that,  even  though  P  has  lost  high  frequency  energy  by 
diffraction  along  the  core-mantle  boundary,  it  still  retains  more  high  frequency 
energy  than  PP. 
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The  data  given  above  show  good  agreement  with  our  model.  The 
codas  of  the  GBA  and  WRA  SP  seismograms  have  amplitudes  that  are  roughly 
equal  in  absolute  amplitude  (see  table  1)  so  that  it  seems  reasonable  to  assume 
that  the  main  reason  that  the  WRA  SP  seismogram  appears  complex  is  that 
direct  P  at  WRA  has  been  attenuated  by  diffraction  along  the  core-mantle 
boundary,  whereas  the  arrivals  following  P  have  not  been  so  attenuated.  This  is 
further  supported  by  the  observation  that  the  amplitude  of  PP  on  the  BB 
seismograms  is  about  equal  at  GBA  and  WRA  (table  1).  The  fact  that  PP  is 
smaller  relative  to  P  (and  the  scattered  arrivals)  on  the  SP  as  compared  to  the 
BB  seismograms  is  consistent  with  our  assumption  that  PP  has  been  more 
strongly  attenuated  by  anelastic  absorption  than  has  P  (or  the  scattered  arrivals). 
A  difference  in  absorption  of  PP  and  the  arrivals  in  the  WRA  seismogram  that 
result  from  scattering  in  the  crust  and  upper  mantle  is  to  be  expected  because 
such  scattering  would  take  place  in  a  shield  region,  and  there  is  evidence  that  in 
such  regions  any  low  Q  layers  are  either  thin  or  absent,  whereas  the  reflection 
point  of  PP  is  in  the  Central  China  fold  belt  where  the  average  Q  of  the  upper 
mantle  is  probably  less  than  in  shield  regions.  This  would  explain  how,  on  the 
WRA  SP  seismograms,  PP  and  the  scattered  arrivals  could  be  of  similar 
amplitude  even  though  scattering  occurred  in  the  lithosphere. 

Note  that  the  P  coda  has  a  different  frequency  content  to  direct  P  in 
accordance  with  the  proposed  origin  of  these  waves  as  scattering  near  the  core¬ 
mantle  boundary.  If  the  coda  was  generated  by  scattering  in  the  crust  and  upper 
mantle,  then  this  scattering  must  occur  close  to  the  source  otherwise  the 
scattered  arrivals  would  not  be  seen  until  several  tens  of  seconds  after  P  because 
of  their  extended  ray  paths.  However,  if  the  scattering  takes  place  close  to  the 
source,  the  scattered  arrivals  should  follow  P  and  be  strongly  attenuated  by 
diffraction.  Scattering  in  the  lower  mantle  thus  seems  to  be  the  best  explanation 
of  the  P  coda.  On  this  explanation  of  the  arrivals  in  the  P  coda,  weak  scattering 
at  or  near  the  core-mantle  boundary  is  probably  sufficient  to  account  for  the 
amplitude  of  the  arrivals.  The  presence  of  weak  rather  than  strong  scatterers  in 
many  regions  near  the  core-mantle  boundary  is  also  supported  by  the  observation 
that  PcP  is  usually  a  simple  pulse;  the  examples  shown  above  of  PcP  recorded  at 
SI-BC  and  particularly  PG-BC  (figure  2)  demonstrate  this  clearly  and  Davies  and 
Ziolkowski  (45)  also  present  evidence  that  PcP  is  usually  simple. 
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In  order  to  demonstrate  that  the  GBA  and  WRA  seismograms  shown  in 
figure  7  can  be  explained  on  a  reasonable  model  of  the  Earth,  an  attempt  has 
been  made  to  compute  theoretical  seismograms.  The  methods  used  for  the 
computation  of  P  at  distances  of  less  than  95°  (and  for  PcP)  are  those  of  Hudson 
(42,43)  and  Douglas  et  al.  (13);  these  methods  have  been  extended  using  the 
theory  given  in  the  appendices  to  allow  P  seismograms  at  distances  of  more  than 
95°  and  PP  seismograms  to  be  computed.  The  explosion  model  used  is  that  of 
Haskell  (46)  for  a  1000  kton  explosion  in  tuff;  the  depth  of  the  explosion  is 
assumed  to  be  0.8  km.  The  details  of  the  crustal  models  used  are  given  in  table 
2.  The  crustal  models  were  obtained  by  starting  with  published  models  and  by 
trial  and  error  modifying  these  to  bring  the  computed  seismograms  into  closer 
agreement  with  the  observed.  In  computing  the  GBA  seismograms  the  same 
crustal  model  was  used  as  for  the  WRA  seismograms;  this  was  done  because  the 
model  published  by  Arora  et  al.  (47)  for  the  GBA  crust  produced  model  BB 
seismograms  that  were  more  complex  in  the  first  10  s  than  observed  BB 
seismograms. 

Figure  7(h)  shows  a  theoretical  SP  seismogram  computed  for  GBA. 
Each  phase  P,  PcP  and  PP  were  generated  separately  and  added,  together  with 
the  appropriate  time  delay,  to  give  the  required  seismogram.  The  relative 
amplitudes  of  P  and  PP  are  those  computed  using  t*  =  0.2  s  and  t*  =  1.0  s.  The 
amplitude  of  PcP  (computed  with  t*  =  0.2  s)  on  the  other  hand  has  simply  been 
scaled  to  have  an  amplitude  roughly  in  agreement  with  the  observed  amplitude 
relative  to  P.  The  theoretical  BB  seismogram  for  GBA  (figure  7(j))  has  been 
computed  in  the  same  way. 

The  theoretical  seismograms  for  WRA  are  shown  in  figures  7(c)  and 
7(f),  in  which,  to  allow  more  realistic  comparisons  to  be  made  with  the  observed 
seismograms,  noise  with  the  same  properties  as  the  observed  seismograms  has 
been  added  to  the  theoretical  seismograms.  This  noise  was  generated  by  the 
method  of  Pearce  and  Barley  (48)  using  a  section  of  noise  preceding  the  onset  of 
the  P  signal.  The  relative  amplitude  of  P  and  PP  shown  on  the  theoretical  BB 
seismograms  at  WRA  have  been  adjusted  (by  increasing  the  theoretical  P 
amplitude  by  a  factor  of  about  2)  so  that  these  relative  amplitudes  agree  roughly 
with  those  observed. 
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Despite  the  simplicity  of  the  models  used  the  agreement  between 
computed  and  observed  seismograms  for  the  major  phases  P,  PP  and  PcP  seem  to 
be  satisfactory.  Note  that,  because  of  the  differences  in  the  values  of  t*  used 
for  P  and  PP,  PP  is  larger  relative  to  P  on  the  BB  seismogram  computed  for  GBA 
than  on  the  computed  SP  seismogram  in  agreement  with  observation.  It  is  clear 
that  between  the  standard  phases  the  computed  seismograms  are  simpler  than 
the  observed.  This  difference  is  always  observed  and  is  a  measure,  at  least  for 
explosion  sources,  of  the  possible  contribution  of  scattering  to  observed 
seismograms.  Some  of  the  differences  between  the  observed  and  computed 
models  presumably  arise  because  the  crustal  models  used  are  not  the  best  plane 
layered  approximations  to  the  crust  and  upper  mantle  structure  at  the  source  or 
the  receiver.  Also  the  observed  GBA  seismograms  are  from  single  seismographs 
and  so  contain  a  component  of  locally  generated  noise;  the  remainder  is  then 
presumably  scattered  arrivals  from  long  range.  From  the  observed  GBA 
seismograms  given  in  figure  7  these  scattered  arrivals  from  long  range  appear  to 
have  amplitudes  of  less  than  0.1  of  the  amplitude  of  P  in  the  first  minute  after 
onset  and  less  than  0.05  of  the  amplitude  of  P  in  the  second  minute  after  onset. 

3.4  Other  data  on  the  precursors  to  PP 

The  main  evidence  presented  by  Cleary  et  al.  (9)  in  support  of  the 
scattering  hypothesis  is  from  NZ  explosions  as  recorded  at  WRA,  and  this  has 
been  discussed  above.  None  of  the  other  seismograms  presented  by  Cleary  et  al. 
(9)  show  any  convincing  evidence  of  precursors  to  PP;  this  is  particularly  true  of 
the  examples  recorded  at  distances  of  90.3°,  or  less,  which  are  outside  the 
shadow  zone  of  P. 

All  the  clearest  examples  of  precursors  to  PP  appear  to  have  been 
recorded  at  distances  of  95  to  115°  where  the  presence  of  the  core  has  to  be 
taken  into  account;  King  et  al.  (10),  using  three  earthquakes  as  recorded  at  the 
NORSAR  array  (distance  range  100  to  105°),  have  made  the  most  detailed  study 
of  them.  They  show  that  the  arrival  times,  apparent  speeds  and  azimuths  of  the 
precursors  are  consistent  with  scattering  at  distances  of  20  to  30°  from  either 
source  or  receiver.  The  most  important  scattering  region  appears  to  be  in  the 
vicinity  of  the  Urals.  However,  as  shown  in  figure  7,  the  short  period  P 
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seismograms  from  NZ  explosions  recorded  at  GBA  show  no  evidence  of  any 
precursors,  yet  this  ray  path  passes  under  the  Urals  and  remains  within  5°  of  the 
Urals  along  its  length  up  to  20°  from  the  source.  This  suggests  that  any 
scattering  in  the  vicinity  of  the  Urals  is  weak. 

King  et  al.  (10)  have  computed  the  theoretical  root  mean  square 
amplitude  envelope  of  the  PP  precursors  for  epicentral  distances  of  about  105°. 
The  main  feature  shown  by  the  theoretical  envelopes  is  a  sharp  increase  in  the 
amplitude  of  the  precursors  about  80  s  before  the  arrival  of  PP.  The  increase  in 
the  theoretical  envelope  corresponds  to  the  arrival  of  waves  scattered  at 
distances  of  20°  from  source  or  receiver  and  arises  because  of  the  focussing 
effect  on  P  waves  travelling  to  20°  of  the  upper  mantle  structure  used.  These 
computations,  however,  ignore  the  effects  of  the  core.  On  the  model  we  propose 
an  increase  in  the  amplitude  of  the  precursors  arises  because,  with  increasing 
time,  scattering  takes  place  further  and  further  from  the  source  (and  receiver)  so 
that  the  core  becomes  a  less  and  less  effective  barrier  on  paths  followed  by  the 
scattered  waves. 

4.  DISCUSSION  AND  CONCLUSIONS 

From  the  data  presented  above  we  suggest  that  the  following  general 
model  explains  the  properties  of  most  complex  P  seismograms.  We  assume  that 
any  effects  of  locally  generated  noise  at  the  station  has  been  allowed  for  and 
that  the  complexity  is  not  due  to  prolonged  radiation  at  source.  We  further 
assume  that  weak  scattering  takes  place  within  the  Earth.  Between  any  source 
and  receiver  there  is  thus,  as  well  as  the  paths  followed  by  the  standard  phases, 
numerous  paths  along  which  scattered  energy  travels. 

Consider  first  the  case  where  the  losses  by  geometrical  effects  and 
anelastic  attenuation  along  the  scattered  paths  is  about  the  same  as  on  the 
standard  paths.  Then,  for  explosions  with  uniform  radiation  patterns,  direct  P 
(+pP)  will  dominate  the  seismogram  and  any  later  scattered  arrivals  will  be 
smalL  For  earthquakes,  provided  that  the  amplitude  radiated  along  the  direct  P 
path  is  close  to  the  peak  in  the  radiation  pattern,  the  seismogram  will  be 
dominated  by  P  and  possibly  the  reverberations  in  the  layers  at  source,  and  again 


the  scattered  arrivals  will  be  small  in  comparison.  If,  however,  the  directions  P 
and  pP  leave  the  source  lie  close  to  nodes  in  the  radiation  pattern,  and  if  sP  is 
also  small,  then  the  scattered  arrivals  generated  by  radiation  from  the  antinodes 
of  the  radiation  pattern  may  be  much  larger  than  the  standard  phases.  The  coda 
of  the  resulting  complex  seismogram  will  then  be  composed  almost  entirely  of 
scattered  arrivals.  In  this  way  a  seismogram  which  shows  scattered  arrivals 
which  have  large  amplitudes  relative  to  the  standard  phases  and  one  which  has 
relatively  small  scattered  arrivals  can  be  recorded  over  the  same  path. 

If  now  we  assume  that  on  some  paths  there  are  obstacles  that  reduce 
P  but  not  all  the  scattered  arrivals,  then  complex  seismograms  will  be  recorded 
on  this  path  from  either  explosions  or  earthquakes;  such  paths  should  always  show 
complex  SP  seismograms.  The  obstacles  to  P  may  be  localised  regions  of  low  Q, 
the  Earth's  core,  or  dipping  plates  and  other  lateral  variations  in  structure  that 
cause  the  P  wave  to  diverge  forming  a  partial  shadow  zone. 

The  general  model  to  explain  complex  seismograms  given  above, 
which  is  based  on  the  weak  signal  hypothesis,  avoids  the  need  to  assume  that 
there  are  widespread  regions  of  strong  scattering  but  does  not  rule  out  the 
possibility  that  there  are  localised  regions  of  strong  scattering.  In  fact  the  work 
of  Key  (14),  which  shows  that  topography  in  the  vicinity  of  the  recording  station 
acts  as  a  strong  scatterer,  implies  by  reciprocity  that  strong  scattering  by 
topography  will  also  take  place  in  the  vicinity  of  the  source,  as  suggested  by 
Greenfield  (15).  (From  the  data  presented  in  this  report,  however,  we  have  found 
no  convincing  evidence  that  strong  scattering  in  the  source  region  by  rough 
topography  makes  a  significant  contribution  to  complexity.) 

If  the  weak  signal  hypothesis  is  correct,  then  the  distribution  of 
scatterers  and  their  properties  remain  to  be  determined.  (Some  of  these  arrivals 
may  be  reflections  from  dipping  boundaries,  as  suggested  by  Wright  and  Muirhead 
(7),  and  it  thus  becomes  a  matter  of  definition  as  to  whether  these  are  described 
as  reflected  or  scattered  arrivals.)  The  most  likely  scattering  regions,  apart 
from  rough  topography  and  heterogeneities  due  to  near  surface  geology,  seem  to 
be  the  crust  and  uppermost  mantle,  as  Cleary  et  al.  (9)  suggest,  but  Barley  (3)  has 
published  evidence  of  scattering  at  depths  of  650  km  and  Cleary  and  Haddon  (18) 
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and  many  others  have  published  evidence  of  scattering  near  the  core  mantle 
boundary.  Some  support  for  the  existence  of  a  scattering  layer  near  the  core 
mantle  boundary  has  also  been  presented  in  this  report.  It  is  also  possible  that 
observable  scattering  takes  place  throughout  the  whole  of  the  Earth  but  for  most 
of  the  deep  interior  these  effects  are  small.  Note  that  it  is  not  necessarily  true 
that  all  arrivals  in  the  coda  are  the  result  of  lateral  variations  in  the  Earth;  if 
there  are  small  variations  in  the  rate  of  increase  of  wave  speed  with  depth,  then 
arrivals  generated  by  these  variations  may  add  to  the  coda  in  the  same  way  as 
crustal  reverberations. 

One  property  of  complex  P  codas  pointed  out  by  Douglas  et  al.  (1,2) 
is  that  complexity  is  a  function  of  frequency;  the  higher  the  frequency  band  of 
the  recording,  the  greater,  in  general,  the  observed  complexity.  Further  evidence 
in  support  of  this  suggestion  is  presented  above.  Douglas  et  al.  (2)  argue  that 
this  is  evidence  that  the  later  arrivals  in  the  coda  have  followed  paths  of  higher 
Q  than  the  direct  arrival,  but  if  the  coda  consists  of  scattered  arrivals,  the 
scattering  process,  being  more  effective  at  high  frequencies,  will  give  rise  to  a 
similar  effect.  In  general,  the  effects  of  Q  and  the  scattering  process  on  the 
distribution  of  energy  with  frequency  in  the  coda  will  be  difficult  to  separate. 
At  long  periods  scattered  arrivals  should  be  less  prominant  than  at  short  periods. 
Nevertheless,  long  period  (LP)  seismograms  do  show  arrivals  between  P  and  PP. 
Bolt  et  al.  (40)  show  examples  of  precursors  to  PP  as  seen  on  LP  seismograms 
from  the  World  Wide  Standard  Station  Network  (which  they  interpret  as  PdP 
phases)  and  conclude  that  this  demonstrates  that  the  precursors  have  significant 
energy  over  a  wide  spectrum.  Ward  (49)  from  a  study  of  the  arrivals  on  LP 
seismograms  between  P  and  PP  concludes  that  these  are  not  scattered  arrivals  or 
PdP  phases  but  are  reflected  and  converted  phases  (S  to  P  and  P  to  S)  at 
discontinuities  in  the  upper  mantle  close  to  the  source  and  receiver.  Such 
arrivals  may  also  be  present  on  SP  seismograms  but  are  likely  to  be  less 
significant  than  on  LP  seismograms  because  the  upper  mantle  discontinuities  are 
probably  transition  zones  rather  than  sharp  boundaries  and  the  reflections  and 
conversions  at  these  transition  zones  at  short  periods  may  be  of  much  smaller 
amplitude  than  at  long  periods.  (Ward  (49),  however,  shows  that  arrivals  due  to  S 
to  P  conversions  at  transition  zones  up  to  10  km  thick  may  be  significant  at  1  Hz 
and  so  such  arrivals  could  contribute  to  the  coda  of  SP  seismograms  as  well.) 
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Thus,  although  the  arrivals  between  P  and  PP  would  appear  to  have  a  wide  energy 
spectrum,  in  fact  they  probably  consist  mainly  of  scattered  waves  at  short 
periods  and  reflected  and  converted  waves  at  long  periods. 
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APPENDIX  A 


THE  COMPUTATION  OF  PP  SEISMOGRAMS 


The  Fourier  transform  of  the  vertical  component  P  seismogram 
recorded  at  distance  A  and  azimuth  41  at  the  free  surface  is,  from  refererence 
(43),  equation  7.10, 

Uz(0)  -  SV(W)C *(u)MfA)FPOp,  “>)  exP  ^  I  wl  ’ 

D 

where  Sy(co )  is  the  response  of  the  seismograph  at  frequency  u>,  C^w)  is  the 

response  of  the  layering  at  the  receiver  and  depends  on  the  angle  of  incidence 

R  p 

(ip)  at  the  base  of  the  layers  as  well  as  (1).  The  term  M*(A  )  includes  the  effects 

of  geometrical  spreading  G(  A)  and  is  defined  in  full  by  Douglas  et  al.  (13) 

p 

F  (ip ,  <b,  cu)  is  the  P  wave  amplitude  radiated  at  angle  ip  (to  the  vertical)  and 

azimuth  c|>  into  the  halfspace  below  the  source.  Finally,  ignoring  1  the  exp 

(-iojTp)  term  which  is  simply  a  time  shift  due  to  travel  time  through  the  mantle, 

the  only  remaining  term  is  exp  (-  [uj  J  ds/2Q  a  which  allows  for  anelastic 

^  # 

attenuation  and  following  usual  practice  can  be  replaced  by  exp  (-  |'.j|  tp/2) 
where  tp  is  defined  in  section  3. 

^  —  PP 

The  vertical  component  of  the  PP  seismogram  (O)  recorded  at 
( A  ,  <J> )  can  be  written 

u|P(0)“  ±iSv(u)CP  Cipp,  w)CPP(iIpp,w)M(A)FP(ipp,  $,  u)> 
exp  (- }oj|  t*p/2)  exp  (-iWT'pp); 


the  expression  takes  the  positive  sign  when  w  is  positive  and  the  negative  sign 

I 

when  a)  is  negative,  ipp  is  the  take  off  angle  and  Tpp  the  travel  time  of  PP.  The 
term  C^P(i*pp,  u>)  allows  for  the  effects  of  reflection  in  the  crustal  layering  at 
the  mid-point  of  the  PP  path  and  is  given  by 


.j- jyiiiiii 


XJ^  2  ~  J\  z)  ~  ( j't  2  +  J'z  »X J'i  t-  J\t) 
F'(k,  u>) 


u  sin  ipp/a'. 
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Hudson  (43)  gives  expressions  for  the  quantities  J-  and  F(k,  cu )  in 
terms  of  the  densities  and  P  and  S  wave  speeds  in  the  crustal  layers  at  the 
receiver;  J'-j  and  F'(k,  to  )  are  defined  in  the  same  way  while  the  prime  indicates 
that  the  densities  and  wave  speeds  used  are  now  those  of  the  crustal  layering  at 
the  PP  reflection  point  rather  than  those  of  the  receiver  layers.  ^  is  the  P 
wave  speed  in  the  half  space  at  the  PP  reflection  point.  The  term  M  (  A)  is  given 
by 

PP  P  /  4 

M(A)  *  M(A)  G(  A/2) /[2G(  A)  (cos  (  A/2)}  5  ] 

and  exp  (-  |a)|  t£p/2)  is  defined  in  section  3. 
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APPENDIX  B 


THE  COMPUTATION  OF  THE  SEISMOGRAMS  OF  DIFFRACTED  P 


It  is  assumed  that  the  P  ray  path  just  grazes  the  core  at  distance 
A  =  96°.  In  order  to  compute  the  diffracted  P  seismogram  at  distance 
A'(  A  +Aq),  the  P  seismogram  for  distance  A  (=  96°)  is  first  computed  by  the 
method  described  by  Douglas  et  al.  (13)  using  the  theory  of  Hudson  (42,43).  This 
P  seismogram  is  then  passed  through  a  filter  with  response  at  frequency  u  of 
AC(u>  )  where 

,  ,  \  /  r  sin  A 

- 2 - 

ac  /  \  411  Aq*  “c  sin  |  d2T/d A 2  | 

and 

C2(u)  -  exp  {  AD(a>rc/2ac)^  3*q}  /(  wrc/2ac)K 
Note  that  this  filter  introduces  no  phase  shift  and  so  is  non-causal. 
rc  =  radius  of  the  core, 

ac  =  P  wave  speed  at  the  base  of  the  mantle, 

a’  =  da/dr  at  the  base  of  the  mantle;  r  is  the  radial  distance 
c 

from  the  centre  of  the  Earth  (the  numerical  value  of  a’  is 

c 

taken  as  5  x  10"  s  s"  ‘), 

d*T/dAl  =  second  derivative  of  the  P  travel  time  curve  at  distance 
A  =  96°  (the  numerical  value  is  taken  as 
27.25  s/rad ian/radian), 

Aq  =0.70121, 

q  =  -2.33810. 
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TABLE  1 


P  and  PP  Amplitudes  and  P/?P  Amplitude  Ratios  for 
Novaya  Zemlya  Explosions 


P  Amplitude, 
nm 

Amplitude  of  PP  or 
Amplitude  of  Coda' 
at  PP  Time,  nm 

Ratio  of  Amplitude 
of  P  to  PP 

GBA  SP 

2030* 

100 

20 

WRA  SP 

93* 

116 

0.8 

GBA  BB 

7/26* 

1288 

6.0 

WRA  BB 

617* 

1700 

0.36 

*From  reference  (50). 

WRE  amplitudes  are  for  the  Novaya  Zemlya  explosion  of 
27  October  1973.  GBA  amplitudes  are  1.5  times  the  amplitudes 
observed  from  the  Novaya  Zemlya  explosion  of  2  November  1974. 
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TABLE  2 


Crustal  Hodels  Used  in  Computation  of  Seismograms 


P  Wave  Speed,  S  Wave  Speed, 
km/s  km/s 


Density,  Thickness, 
g/cm*  km 


I 

Source  Crust 


1st  Layer  4.8 
2nd  Layer  6.7 
Half  Layer  8.1 

B.  Crust  at  PP  Reflection  Point 


1st  Layer  3.0 

2nd  Layer  6.1 

3rd  Layer  6.4 

4th  Layer  6.7 

Half  Space  8.15 

C.  Receiver  Crust 
1st  Layer  5.6 

2nd  Layer  5.9 

3rd  Layer  6.2 

Half  Space  8.3 


Note:  where  the  S-wave  speed  (  g )  is  not  given  it  is  assumed 
that  B  =  a //  3  where  a  is  the  P  wave  speed. 

Crust  A  is  based  on  Nevada  Test  Site  (Granite  Crust)  of 
reference  (51). 

Crust  B  on  the  Standard  Continental  Crust  with  Sediment  of 
reference  (52). 

and  Crust  C  on  the  crustal  model  for  the  Warramunga  array  site 
published  by  Marshall  et  al.  (53). 


MAGNIFICATION 


PcP 


(d)  Broad  band  P  seismogram  at  Yellowknife,  Canada. 

(e)  Broad  band  P  seismogram  for  Eskdalemuir,  Scotland  (c) 
after  filtering  with  a  filter  to  simulate  anelastic  attenua¬ 
tion  on  the  path  Novaya  Zemlya  to  Yellowknife,  Canada. 
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Sot  Metric  and  SI  Unit  Convsralnn  Pacrnrs 


(t..«d  on  DEF  STAN  IO-n/2  Hetnc  Unit,  for  gH  by  th.  Ministry  of  Dsf.nce". 
OS  Met  ssoi  AUFF.  Metric  Guide"  and  other  Brltlah  Standards) 


Quantity  Unit  Sysbol  Conversion 

basic  Unit. 


Length 

«<ert 

■ 

l  a  •  1.2808  ft 

1  ft  -  0.304B  m 

Haas 

kllogm 

hR 

1  kg  -  2.2046  lb 

1  lb  •  0.4S359237  kg 
l  ton  -  1016. OS  kg 

Derived  Units 

Force 

newton 

N  -  k* 

,2 

1  H  -  0,2248  Ibf 

1  lbf  -  A. 44822  N 

Work,  Enemy,  Quantity  of  Heat 

joule 

J  •  N  m 

l  J  -  0, 73756?  ft  lbf 

1  J  -  9.47817  «  10-''  Rtu 

1  J  -  2.38844  -  in"'’  kr.al 

1  ft  lbf  -  1 .  IS582  J 

1  Btu  -  10SS. 06  J 

1  keel  -  4186.8  J 

Power 

watt 

V  -  J/a 

1  H  -  0.218846  cal/s 

1  csl/a  •  4.1868  U 

Electric  Charge 

coulomb 

C  -  A  a 

_ 

Electric  Potential 

volt 

V  -  W/A  - 

J/C 

Flertrlcal  Capacitance 

farad 

F  -  A  a/v 

-  C/V 

• 

Electric  Resistance 

ohm 

n  -  V/A 

- 

Conductance 

slemen 

S  •  1  !>■' 

_ 

Magnetic  Flux 

weber 

Ub  -  V  a 

. 

Magnetic  Flux  Density  > 

tesla 

T  -  Wb/m2 

ms 

Inductance 

henry 

H  -  V  a/A 

-  Vh/A 

- 

Complex  Derived  Units 

Angular  Velocity 

radian  per  second 

rad/s 

1  rad/s  -  0. 159 155  rev/a 

1  rsv/a  -  6.78119  rad /a 

Acceleration 

metre  per  square  second 

m/a2 

1  m/a2  -  3.2KUH4  ft/e2 

1  ft/e2  -  n.W.8  m/s 2 

Angular  Acceleration 

radian  per  square  second 

rad/a2 

- 

Pressure 

newton  per  square  metre 

N/m2  -  Pa 

1  Him2  -  14S.ni8  ■  10*6  lbf/1. 
1  lbf /In?  -  6,89476  »  I 03  N/m: 

bar 

b«r  •  105  H/m* 

1  In.  Hg  -  1186.19  N/m' 

Torque 

newton  metre 

N  a 

1  H  m  -  0.7)7562  lbf  ft 

1  lbf  ft  -  1 .1SS8?  N  m 

Surface  Tension 

newton  per  metre 

H/m 

1  N/m  -  0.068',  lhf/ft 

1  lbf /ft  •  14.S919  N/m 

Dynamic  viscosity 

newton  second  per  square  metre 

N  a/m2 

1  N  e/m2  •  0.0/08854  lbf  s/ft 
1  lbf  s/ll2  »  47.8803  N  s/m2 

Klnesiatlc  Viscosity 

square  metre  per  second 

m2/e 

1  m2/a  -  10.7610  ft2/s 

1  f t2/s  -  0.0979  m2/« 

Thermal  Conductivity 

watt  per  metre  Velvln 

H/m  K 

- 

Odd  Units* 

Radioactivity 

hecquerel 

*9 

1  Bq  *  2.7027  •  10-,‘  Cl 

1  Cl  »  1.700  «  10*°  Bq 

Absorbed  Dose 

gray 

Cy 

1  Oy  •  100  red 

1  rad  •  0.01  Cy 

Dose  Equivalent 

slcvert 

Sv 

1  Sv  •  100  rem 

1  rem  -  0.01  Sv 

Exposure 

coulomb  per  kilogram 

C/kg 

1  C/kg  -  3876  R 

1  R  -  2.58  •  10—  C/kR 

Rats  of  Leak  (Vacuum  Systems) 

millibar  litre  per  second 

mb  1/s 

l  mb  •  0.750062  tort 

1  torr  •  1.33322  mb 

•These  tana,  art  recognised  terns  within  the  oetrlc  syati 


